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ExEcUTIVE SuMMARY 
The report describes a methodoly for the analysis of 
the value of large-scale wind turbines to electric 
utilities. The methodology is applied to meteorolo-
gical, wind turbine, utility and socioeconomic data 
in four case studies. The value analysis was carried 
out for the year of reference 1985 and included dif-
ferent levels of wind turbine penetration. 
Detailed results of the value analysis are given in 
Chapter 1 (wind data evaluation), Chapter 2 (wind tur-
bine generation) , Chapter 4 (megawatt-sized capacity 
credit) and Chapter 5 (present value per wind turbine 
system). In Chapter 3, a detailed discussion of the 
utility planning procedures in current use, and of the 
uniqua problems of the integration of wind power into 
the utility generation system is given. In Chapter 6, 
Observations and conclusions regarding the current and 
future potential of wind power for utilities are pre-
sented. 
The investigations are carried out for the countries 
Japan, the Netherlands, Sweden and the United States 
of America. 
The escalations of fuel prices and the impending scar-
city of fossil fuels as well as streng public objec-
tion against nuclear power plants and fossil fuel bu=-
ning facilities have increased interest in the use of 
wind energy for electricity generation. Especially, re-
search, development and demonstration programs on large 
scale wind turbines were launched. In order that parks 
II 
of wind turbines will be added to the generation mix, 
cost-effectiveness must be assured at all. 
Because, at the time of this writing, large wind tur-
bines are in a state of development and not yet commer-
cially viable, their actual costs are uncertain. Taking 
into account these unknows, a revenue requirement approach 
is pursued. The approach determines the breakeven value 
per wind turbine. The breakeven value is the maximum 
amount a utility can invest in a wind turbine with no 
cost or reliability disadvantage. 
The breakeven value is realized by displacing high cost 
energy produced by fossil-fired units by lower cost ener-
gy produced by wind turb~nes (production savings), and 
by displacing or delaying conventional capacity by the 
wind turbine capacity (capacity savings). That is, the 
approach pursued looks at the maximum savings caused by 
wind turbines in ~~e utility system over some predefined 
planning horizon. 
The value analysis is based upon the ass~~ption that no 
storage devices are dedicated to wind turbines only. 
It must be emphasized that the traditional methodology 
for utility pl~~ning and value analysis cannot be applied 
to calculate the breakeven value of wind turbines. This 
is because the stochastic nature of wind calls for new 
methods in calculation to guarantee system reliability. 
The value analysis presented is composed of a series of 
models which require input data associated with utility 
system operation, utility financial setup, general eco-
nomy, wind resource and wind turbines. The value analy-
sis is depicted in Fig. I. 
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IV 
In the following a surnmary of ~~e results and some indi-
cative conclusions of the value analysis for the four 
Participants are presented. 
The main characteristics of the wind speed data and of 
the sites are listed in Tab. I. 
The log law was utilized to convert the velocity data at 
anemometer height to wind velocity at the hub height of 
the wind turbine under consideration. 
This procedure is based upon several critical assumptions. 
These assumptions include that: 
- The wind speed at hub height is representative for the 
wind speeds which prevail over the rotor disk. 
- The average wind speed is representative for all the 
wind speeds of the averaging period. 
- The extrapolation for.mula is rather accurate. 
The wind turbine output has in pririciple been calculated 
by combining hub height wind speeds with the steady-state 
generation curve as shown in Fig. II. 
power output 
(~) 
wind speed at 
hub heioht 
Fig. Ir: Steady-state performance curve of a wind turbine. 
PR: rated power, v : cut-in wind s~eed I _ , vR: rated 
wind speed, v0 : cut-cut wind speed. 
time resolution measurement missing 
site data period height above 
of wind speeds ground level values 
.Japan Esashi 1969 - 1975 13 Dl o.o ' 
Ibukijarna 1969 - 19.75 14 Dl o.o ' 
Miyakejima 1969 - 1970 I three hour 13 m o.o ' 1972 - 1975 average 
Murotomisaki 1969 - 1975 42 m o.o \ 
Omaezaki 1969 - 1970 I 16 m o.o \ 1972 - 1975 
Taukubasan J969 - t97o I 17 m 0. 3 
' 1972 - 1975 
I 
the Netherlands Cabauw 1973 two minute data I 10 m I 4.4 
' half hourly data 80 m <: 
• 
Cadzand 1972 - 19(5 mean hourly data 13 m 2.9 
' l<ornwerderzand 1969 - 1975 mean hourly data 10 m 3.4 
' Terschelling 1969 - 1975 mean hourly data 10 m 5.2 
' Vlissingen 1969 - 1971 I 
mean hourly data to 1971 incl.: 10m o.o ' 1972 - 1975 since 1972: 24 m 
Sweden Malmö-Bulltofta I 1969 - 1975 10 m o.o ' Sturup 
Torslanda 1969 - 1975 u1ean hourly data 10m o.o ' 
Visby 1969 - 1975 (integer values) 10 ßl 0. 2 
' 
' 
USA San Gorgonio, CA 1979 two minute data 45,7 m -
I Ludington, MI 11178 - 10119 two minute data 45,7 m -
~-~-j 
'l'au. I: Sites and wind data characteristics 
V! 
Four wind turbines were modeled for the report. The para-
meters utilized in the generation calculations are listed 
in Tab. II. 
wind turbine system GROWIAN Aeolus MOD-2 0.8-MW 
manufacturer MAN-Neue Karlstads Boeing similar to 
Technologie Mekaniska NI:SE-A wind 
Werkstad turbine 
rated power (MW) 3.0 2.0 2.5 0.8 
cut-in (m/s) 6.5 6.3 6.3 6.0 
rated wind speed (m/s) 12.7 13.1 12.3 12.6 
cut-out (m/s) 24.0 21.0 21.0 24.0 
hub height (m) 100 80 61 50 
Tab. II: Pe:formance parameters of wind turbines 
The bandwidth of the ~~nual wind turbine generation is 
listed in Tab. III. Missing wind speeds had been reha-
bilitated for power output calculations. 
As for Japan, the Netherlands, and Sweden 10 % were sub-
tracted from the values of Tab. III, to account for forced 
outages of the wind turbines. The output of the two 
sites in the United States was reduced by 8 %. 
Tab. IV gives the percentage of annual hours, the wind 
speed was either above cut-out or below cut-in wind 
speed. That considerably impro,Tements can be expected 
through a site diversity can be seen from Tab. v. 
VII 
the Netherlands 
(1969 - 1975) GROWIAN 0.8-MW 
Cadzand (1972 - 1975) 9.1 - 12.6 2.2 - 3 .o 
Kornwerderzand 9.4 - 11.3 2.3 - 2.7 
Te.rschelling 10.6 - 12.8 2.6 - 3.2 
Vlissingen 5.9 - 8.8 1.3 - 2.1 
Cabauw ( 1973) 4.8 1.0 
Japan 
(1969 - 1975) GROWIAN 0.8-MW 
Ibukiyama. 13.4 - 15.5 3.3 - 4.1 
Omaezaki 10.3 - 12.0 2.1 - 2.7 
Tsukubasan 9.5 - 11.4 2.0 - 2.5 
Esashi 5.7 
-
9.4 1.4 
-
2.3 
Miyakejima 8.0 - 11.0 1.8 - 2.6 
Murotomisaki 11.0 - 12.5 2.2 - 2.7 
Sweden 
(1969 - 1975) GROWIAN Aeclus 
Mal.mö 8.5 - 10.1 5.2 - 6.0 
Torslanda 9.0 - 11.4 5.4 - 6.8 
Visby 8.5 - 10.3 5.0 - 6.1 
USA MOD-2 
San Gorgonie {1979) 8.1 
Ludington (11/78 - 10/79) 7.8 
Tab.III: Bandwidth of annual WECS power output (GWh) 
VIII 
the Net..~erlands 
(1969 - 1975) GROWIAN 0.8 MW 
cadzand (1972 - 1975) 26 % - 41 % 25 % - 41 % 
Kornwerderzand 30 % - 37 % 30 % - 37 % 
Terschelli.ng 26 % - 35 % 25 % - 34 % 
~nissingen 41 \ - 56 % 42 % - 57 \ 
Cabauw (1973) 62 % 64 % 
Japan 
(1969 - 1975) GROWIAN 0.8 MW 
Ibukiyama 21 % - 31 % 24 % - 30 \ 
Omaezaki 33 % - 40 
' 
39 
' 
- 44 
' 
Tsukubasan 39 
' 
- 46 \ 40 % - 47 % 
Esashi 51 % - 65 % 51 % - 65 
' 
Miyakejima 39 % - 48 \ 34 \ - 49 \ 
Murotomisaki 32 
' 
- 36 \ 34 ' - 40 
' 
Sweden 
(1969 - 1975) GROWIAN Aeolus 
Malmö 37 \ - 46 \ 37 \ - 46 % 
Torslanda 33 \ - 43 % 30 % - 41 % 
Visby 37 % - 44 % 31 \ - 37 % 
USA MOD-2 
San Gorgonio ( 1979, 49 % 
Lutiington (11/78 - 10/79) 40 % 
Tab.IV Percentage of annual hours with no WECS power output -· 
single sites 
IX 
the Netherlands GROW:IAN 0.8 MW 
Cadzand 12 ' - 19 \ 12 ' - 19 ' 
+ Kor.nwerderzand 
+ Terschellinq 
(1972 - 1975) 
Jap~ GROWIAN 0.8 MW 
Miyakejima 8 \ - 15 \ 9 \ - 17 
' 
+ Omaezaki 
+ Tsukubasan 
(1969 - 1975) 
SWeden GROWIAN Aeoulus 
Malmö 12 ' - 19 ' 10 ' - 16 ' 
+ Torslanda 
+ Visby 
(1969 - 1975) 
Tab. V PercentaJe of annual hours with no WECS power output -
diversity of sites 
If wind turbines are to be a significant part of an 
electric utility system, two major questions need to 
be answered: 
- Do parks of wind turbines necessitate the alteration 
of the present Operation strategies? 
- Do wind turbines have a capacity credit? 
X 
Wind turbines are said to have a capacity credit if they 
can displace the installaticn of conventional units (ther-
mal units (including nuclear units) and hydro units) . The 
displacement must be subject to the condition that the sy-
stem reliability is maintained. This means that a gene-
ration mix composed of wind turbines and conventional 
units must guarantee a power supply with the same degree 
of reliability as would do a power plant mix merely com-
posed· of conventional units. 
Op to now the utilities do no~ have highly stochastic 
energysources ~likewind. Hence, the common utility relia-
bility calculations cannot be applied to wind turbines 
without additional assumptions. Above all, assumptions 
regarding the time dependence of wind power have to be 
made. Whether the utilities will accept the ass~~ptions 
and hence the capacity credit, will strongly depend on 
the perfor.mance of wind turbines. 
Because the wind is available intermittently, the utility 
has minimum control over the level of wind generation at 
any time. To secure operation, tha regulating capacity anä 
the load following capability of a wind-assisted system 
has to be enlarged to protect against any wind power short-
falls and wind power variations during operation. The 
changes in unit commitment and dispatch result in an in-
creased spinning reserve, an increaseä unloadable gene-
ration, an enlarged wear of the conventional units and 
additional labor. These costs are imposed as operating 
penalty on the wind turbines. The operating penalty con-
sists in subtracting up to 15 % from the wind turbine 
output which already is adjusted fcr forced outages. The 
operating penalty is sketched below. 
15 \ 
XI 
operating penalty (%) 
number 
a b c 
a: number of WECS such that the sum of the WECS name-
plate capacities amounts to 1 % of the expected 
minimum load in 1985 
b: number of WECS such that the penetration rate of 
WECS (sum of WECS nameplate capacities I total in-
stalled thermal capacity in 1985) amounts to about 
10 % 
c: maximum number of WECS 
The breakeven value of the wind turbine is composed of the 
present value of the production savings and of the present 
value of the capital savings. The production savings ccm-
prise the fuel savings and corresponding variable opera-
tion and maintenance savings. The capital savings are gi-
ven by the capital costs of the displaced conventional 
unit(s) and corresponding fixed operation and maintenance 
savings. 
XII 
The fuel cost data which entered the calculations of 
the production savings are given in Tab. VI. 
fuel Japan the Netherlands SWeden USA 
oil · 0.096 0.079 0.071 0.1 
gas 0.084 0.079 - -
coal - 0.038 0.034 0.02 
Tab. VI.-: Estimated BOY 1985 fuel cost in ~/kWh 
1 OS$= 226.77 Yen= 2.5 hfl = 5.56 skr 
Economic input parameter assumptions, generation charac-
teristics, and cost estimates of the value determination 
are listed in Tab. VII. The predefined planning horizons 
cover the time spans 1985 - 2005 (2015). 
.!•p.Aft tn .. sw..sen ~ USA Nethe%'landa San Gor901110 Lud1n9~0ft 
ra~io of 411~leced fuela oil : 1•• oil/1•• : coal o11. : coa.l.' o1l : coal oU : coal 
Ln the ~~!l1ty 1y1te • 5 : 5 • 7 : l • a , z • 'J : 1 • c : ' 
· !uel. coat Ln 1 tU $/lcllh 0.09 0.0557 I 0.0636 I 0.092 0.052 I I 
?ar1~l• o • M coat in I 0.0044 o.ooc i o.oo3& I o.oo35 o.oolS 1915 $/lcWh I I 
f1xed 0 1 K eoa~ in I I ! 1 ns *'"" " Cl I 54 I l l 
annual aecal.a~!on r•~• of I I I i 0 1 K eoat (1ncl. 1ntla- s ' 7 ' ! ' 9 ' a ' ~!Oft) I I I 
ea~ltal eoat 111 1915 SlkW I 792 I sco i 900 I 650 >so I 1aweet/h1qllas~ I GIIOWIAHo GIICWIAH: I GROWIAH: I I!OD-2: I'!OD-2: i annual wind tuzb1na 9/11 H12 I ,," I 5.09 7.82 I 0\IC;Nt I 0.1 MW o.a MW Aeolue: (GWII per yaarl 1.5/2.5 Z/l I S/7 
1ovee~/h1qlla•~ annual 
I 
I I I i ascalation ra~• of !ual Sl/U I 8\/10\ 3\/12\ I 9\110\ 9\110\ eo•~ llncl. iftflatlonl I 
wind turb1na ~aratin9 I I I llfat1me ln yaars 20 I JO 20 I 30 I 20 I lO I 20 I lO 20 I JO 
constan~ 41•count rata 
' ' " ' I lincl. lnflatlonl 12 ' 12 ' 1% ' l 
eonstant lD!latlon r•~• 5 ' 1 ' I I \ s ' 9 ' 
Tab. VII: Parameter input to dete~ne the breakeven value per 
wind turbine 
XIII 
In the following tables of the brea~even values, the 
lower (upper) range of the production savings follows 
from a 'worst' ('best') case. The 'best' case is the 
one with the highest annual wind turbine output and the 
highest escalation rate of fuel prices. The 'worst' 
case is the one with the lowest annual wind turbine 
output and the lowest escalation rate ?f fuel prices. 
Penetration is defined in Tab. VIII through Tab. XI 
as the rated capacity of the wind turbines, related 
as a percentage to the peak demand of each system. 
The sys~ems are 
- Tokyo Electric Power Company (Japan) 
- Dutch system in total 
Swedish system in total 
- Southern California Edison (San Gorgonich Consumers 
Power Company I Detroit Edison (Ludington) (USA) 
For a complete derivation of the results, and an exten-
sive discussion of the results, the reader is referred 
to the reports for the Participants in the Task. 
Japan the Metherlands 
number of 100 1000 100 1000 
wind turbines 
penetration in 1985 0.82 8.2 2.6 26 
GROWIAN 3657-5658 3230-4997 2919-3410 2522-2946 
I 
lifetime: 20 years 355 253 472 216 
-
4012-6013 3483-5250 3391-3882 2738-3162 
GROWl AN 4683-8007 4137-7144 3871-4873 3344-4210 
lifetime: 30 years 409 295 535 244 
5092-0496 4432-7439 4406-5408 3588-4454 
' 
--- ~ --. -- ----·-- --
'l'ab. VIII: Breakeven value of GROWIAN in 1985 • per kW 
Japan the Netherlands 
number of 100 1000 100 1000 
wind turbines 
penetration in 1985 0.22 2.2 3.5 7 
0.8 MW wind turbine 2285-4822 2285-4822 2472-2888 2322-2713 
lifetime: 20 years 263 249 494 422 
2540-5085 2534-5071 2966-3382 2744-3135 
0.8 MW wind turbine 2927-6892 2927-6892 3279-4127 3080-3877 
lifetime: 30 years 303 286 559 477 
3230-7195 3213-7178 3038-4686 3557-4354 
'l'ab. IX: Breakeven value of 0.8 MW wind turbine in 1985 • per kW 
Sweden 
100 1000 
1.47 14.7 
2583-4299 2232-3714 
646 395 
3229-4945 2627-4109 
3320-6413 2868-5540 
731 488 
_4051-7144 3316-5908 
- - --- ----
~-
production savings 
I 
capital savings 
' breakeven value 
--< 
production savings 
I 
capital savings 
I 
breakeven value 
----- ----- ---- ~-----~ --
production savings 
capital savings 
breakeven value 
productJon savings I 
capital savings I 
breakeven value 
-- - ---- ----- ----
x-
H 
<: 
Sweden 
nurnber of wind· turbines 100 1000 
penetration in 1985 0.98 9.8 
Aeolus 2153-4104 1860-3545 production savings 
lifetime: 20 years 659 417 capital savings 
2812-4763 2337-4022 breakeven value 
Aeolus 2766-6121 2~90-5288 production savings 
lifetime: 30 years 746 540 capital savings 
3512-6867 2930-5828 breakeven value 
-~---· -----
Tab. X: Breakeven value of Aeolus in 1985 $ per kW 
~ 
U S A 
San Gorgonio Ludington 
number of wind turbines 100 1000 100 1000 
penetration in 1905 1.7 17 1. 76 17.6 
MOD-2 2906-3211 2575-2789 1631-1766 1410-1527 production savings 
. 
lifetime: 20 years 124 22 82 46 capital savings 
3030-3335 2597-2011 1713-1048 1456-1573 breakeven value 
MOD-2 3859-4337 3351-3766 2123-2385 1837-2060 production savings 
lifetime: 30 years 125 22 83 47 capital savings 
3984-4462 3373-3788 2206-2468 1884-2107 breakeven value 
- ---------------- -- -----~~------ - ---- - -· -- ---
Tab. XI: Breakeven value of MOD-2 in 1905 $ per kW 
XVI 
The results show that ~~e breakeven value is predominant-
ly (about 88_%) dete~ined by the production savings. 
For all the utility/site combinations the production 
savings decrease with increasing wind penetration. The 
decrease is due to the need for additional regulating 
capacity and a more flexible commitment including a shift 
to more energy-consuming conventional units to compensate 
for the wind power. variations. The.calculations indicate 
that the fuel savings are by far the biggest element 
of the production savings. The variable 0 & M savings 
were always less than 6 % of the production savings. 
The value of the production savings is most sensitive 
to the lifetime of the wind turbines. Given a lifetime, 
the production savings are highly sensitive to the con-
ventional fuel costs and the escalation rate of the fuel 
costs. 
It is seen that the capital savings decrease if the num-
ber of wind turbines increases. This can be explained·as 
follows: If the number of wind turbines is small, the 
variance of the random variable "available wind turbine 
capacity" is very small compared with the variance of 
the conventional system. The capacity credit is then 
approximately given by the expected available wind tur-
bine capacity. If the number of wind turbines increases, 
the variance of the random variable "available wind tur-
bine capacity" becomes a larger fraction of the total 
system variance (conventional units and wind turbines). 
Since the expected available wind turbine capacity in-
creases less than the variance of the "available wind 
turbine capacity", the capacity credit perwind turbine 
decreases. 
XVII 
The calculated breakeven value is the max~um amount a 
utility can invest in the wind turbine system with no 
cost er reliability disadvantage subject to the specifi-
cations of the cases given. in Tab. VII. 
The breakeven value has to comprise all the costs incurred 
over the lifet~e of the turbine. That is, manufacturers 
cost and owners.cost are included. Cast items are, for 
example, fabrication, installation, checkout, interfacing, 
0 & M, fees, insurance, land lease. 
To date, even a small number of wind turbines on a commer-
cial basis does not exist. The current lack of fully de-
monstrated wind turbine performance and 0 & M costs makes 
a costing risky. Further.more, costs will depend on a solid 
market development. However, first cost data are quoted 
in the literature. The following indications are based on 
the assumption that the ambitious cost goa~can be achieved 
by the wind turbine manufacturers: 
The utilities present value lifet~e breakeven values per 
wind turbine are over the projected wind turbine cost for 
all the four cases. As in general, eil generation is a 
tremendous cost burden relative to other fuels, the wind 
turbines are the more attractive, the more the utility de-
pends on eil generation. If a utility such as CPC/DE de-
pends mainly on coal, the cost target is, however, met by 
a narrow margin only. All the utilities assessed should 
further consider wind turbines in their generation plans. 
More detailed site-dependent assessments are now warranted. 
In general, our results indicate that even at conservative 
assumptions wind turbines are likely to become cost-effec-
tive for utilities with good wind regimes and a high elec-
tricity generation. 
XVIII 
Notwithstanding the well-known problems to quantify social 
costs, the competitiveness of wind turbines tends to grow 
when an evaluation of social costs is allowed for, since 
these will certainly be lower for wind energy than for 
all competing conventional energy sources. 
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lNTRODUCTION 
The increasing costs and impending scarcity of fossil 
fuels as well as streng public objection against nuclear 
power plants and fossil fuel burning facilities have in-
creased interest in the use of wind energy for electricity 
generation. At the time of this writing field operational 
testing of numerous large WECS (wind energy con~Tersion sy-
stems) is under way. Valuable technical data are gathered 
through the testing. The ~echnical mastery of large WECS 
is, of course, a necessary condition for the integration 
of WECS into the electricity generation mix. The suffi-
cient condition is "cost-effectiveness", however. 
The usual approach to cost-effectiveness would be the 
traditional economic cost-benefit analysis including 
quantifiable costs and benefits as well as non quanti-
fiable costs (key word: visual pollution) and benefits 
(key word: no air pollution). Apart from the difficulty 
to measure non quantifiable costs and benefits which is 
an inherent but unsolved problern of all economic analyses, 
the traditional approach cannot be used at present due to 
the lack of rather accurate WECS cost data. Large WECS are 
not yet commercially available and the less are·reliable 
WECS cost data. This is the ·reason that cost-effectiveness 
with regard to quantifiable costs has been measured via 
breakeven costs in this study. Non quantifiable costs and 
benefits are discussed but no attempt has been made to 
reduce them to a single numerical value. 
The breakeven value gives the amount that can be spent on 
WECS with no cost or reliability disadvantage compared with 
conventional units. The breakeven value is mainly composed 
of two components: fuel savings and capacity savings. 
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Fuel savings result from operating thermal power plants 
at a lower power level or even shutting them down if 
wind power is available. High priced fossil fuels can 
then be saved. Capacity savings result from the displace-
ment of conventional capacity. It must be emphasized that 
the capacity savings are highly controversial and that 
utilities are hesitant to take capacity savings. A capa-
city credit concept which tries to account for the unique 
characteristics of wind power is presented in Chapter 4. 
The unique characeristics of wind power·which affect both 
fuel savings and capacity savings can be summarized by 
saying that utilities have no control over the power source. 
Wind power cannot be scheduled for electricity generation 
in the same way as can conventional unit$ because it is so far 
unpredictable how many megawatt hours of wind power can be ge-
nerated in a future t~me period. Furthermore, if wind power is 
available, the WECS power output is fluctuating unless the 
wind speed is above rated wind speed. 
It should be obvious that the fluctuations may call for 
Special measures-to maintain system reliability if 
many wind turbines are integrated into the electricity 
generation mix. The definitive measure_s will depend 
on a multitude of data. Tc name only the most relevant: 
number and type of WECS; siting of WECS; load share of 
WECS; accuracy of WECS power output forecast; start-up 
time, shut-down time and load following capability of 
conventional units; system operating constraints (the 
spinning reserve concept). These items will be discussed 
i~ greater detail in Chapter 3. 
According to the principles of economic analysis, all 
costs must be attributed to WECS which wculd not occur 
without WECS. Since the measures which compensate 
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for the fluctuating WECS power output incur costs which 
would not arise other~ise, these costs have to be subtrac-
ted from the benefits of wind power. This has been done 
by reducing the fuel savings by a so-called Operating pe-
nalty. The penalty is deduced in Chapter 5. 
It must be emphasized that the estimated breakeven values 
are meant to be instructive rather than definitive. More 
detailed utility specific data as well as better wind speed 
data are required for a more definitive assessment of WECS. 
For example, we 
sites, no large 
at any time. It 
sometimes had to use wind s~eed data from 
' 
wind turbine will presumably be erected 
must be doubted that simllar sites have 
the same wind regimes. The conclusions which can and can-
not be drawn from the wind speed data which had been made 
available, are mentioned in Chapter 1 and Chapter 2. 
One problem of the assessment presented in this study 
will, however, not vanish if both detailed utility speci-
fic data and accurate wind data are available: the uncer-
tainty with regard to future fuel costs. At present, the 
value of WECS mainly results from the capability of WECS 
to save fossil fuels. It is therefore not surprising that 
the breakeven value is highly sensitive t·o assumptions in 
fuel costs. The problem that nobody can predict future fuel 
costs has been taken into account by calculating ~~e break-
even value for different fuel· costs and fuel cost escalation 
rates. 
Despite of some limitations due to the data.base and despite 
of the uncertainty to predict future fossil fuel costs, our 
results indicate that large WECS are likely to be cost-effec-
tive even at conservative assumptions. 
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Detailed results of the analysis will be outlined in the 
sequel. The substance of ~~e results is always discussed 
because we believe that the knowledge of the critical 
points is just as important as the results themselves. 
Finally, some limitations shall be listed: 
- The study is restricted to assess the value of large 
scale horizontal axis wind turbines to future wind-assi-
sted utility systems. 
- Despite of the intermittent nature of wind, no dedicated 
storage to wind turbines·is considered. 
- The electric utility system, which is assessed, is con-
sidered being part of an intermittent system. 
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1. WIND DATA 
Wind speed and direction data had been provided by 
Japan: Mitsubishi Research Institute 
the Netherlands: Konia~lijk Nederlands Meteorologisch 
Instituut (KNMI) 
Sweden: Swedish Meteorological and Hydrological 
Institute (SMHI) 
the USA: Battelle Pacific Northwest Laboratories. 
The main characteristics of the data are listed in Tab. 
, • 1 • 
comment 
Two minute data are instantaneous data, recorded at two 
minute intervals. Mean hourly data (half hourly data) 
-
are calculated by averaging over those wind speed and 
direction data which occur during the last ten minutes 
of each hour (half hour). Similarly, the averaging 
period of three hour averages- is given by the last ten 
minutes of the three hour period. It is therefore not 
self-evident-that both the wind speed and direction data 
are representative for the period (hour, half hour, two 
minutes) they are assigned to. 
Extrapolation of the wind speed data to the hub height 
of the wind turbines under consideration has been done 
by the following formula: 
ln h - ln z0 
v(h) = • v(ha) 
ln ha- ln z0 
( 1 • 1) 
where 
h: hub height 
ha: measurement height above ground level 
time resolution· measurement missing 
site data period 
of wind speeds height above values ground level 
Japan Esashi 196~ - 1975 13 Jll 0.0 % 
Ibukijama 1969 - 19.75 14 m 0.0 % 
Miyakejima 1969 - 197o I three hour 13 m o.o % 
1972 - 1975 average 
Murotomisaki 1969 - 1975 42 m 0.0 % 
Omaezaki 1969 - 197o I 
1972 - 1975 16 m 
o.o % 
Tsukubasan 
.969 - 197o I 17m 0. 3 % 
1972 - 1975 
the Netherlands Cabauw 1973 two minute data I 10 m I 4.4 % half hourly data 00 m 
Cadzand 1972 - 1975 mean hourly data 13m 2.9 % 
Kornwerderzand 1969 - 1975 mean hourly data 10 m 3.4 !i. 
m 
'l'erschelling 1969 - 1975 mean hourly data 10 m 5.2 % 
Vlissingen 1969 - 1971 I 
mean hourly data to 1971 incl.: 10 m o.o % 
1972 - 1975 since 1972: 24 m 
Sweden Malmö-Bulltofta I 0.0 % Sturup 1969 - 1975 10m 
•.rorslanda 1969 - 1975 mean hourly data 10 m o.o % 
Visby 1969 - 1975 (integer values) 10 m 0. 2 % 
USA San Gorgonio, CA 1979 two minute data 45,7 m -
Ludington, MI 11178 - 10179 two minute data 45,7 m -
·-
'l'db. 1.1: Sites and wind data characteristics 
z : 
0 
V (h): 
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terrain roughness length 
wind speed at hub height 
v(ha): wind speed at measurement height 
z0 - values were either provided by the data sources 
(KNMI, SMHI) or estimated from [4]. according·to the 
description of the surroundings of the measurement 
station. 
For.mula (1.1) is based on the law of the logarithmic 
wind profile; see e.g. [7]. The log law has a better 
claim to accuracy than the often used power law, [5]. 
That (1.1) may, however, fail to give good estLmates of 
wind speeds at higher levels is indicated by Fig. 1.1 
[5, p. 1-12]. 
10 
• 
! 
i • 
z 
Ha.JR OfOAY 
Fig.l.l: Anriual average diurnal variation at three 
elevations. Results are based on a single year 
of measurement at a site near Oklahoma City, 
Oklahoma. Elevations correspond to a typical 
surface measurement height; hub height for a 
large, horizontal axis wind turbine; and the 
top of the roter disk of such a turbine. 
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Fig. 1.1 is dramatically different than what would have 
been ~~pected from the extrapolation formula (1.1) with 
h =20FT and h =200FT or·h =350FT. If the difference 
a 
between wind speeds at measurement 
(negative), the difference between 
levels is also positive (negative) 
height is positive 
wind speeds at higher 
according to (1.1). 
Just the opposite is shown in Fig. 1.1. This demonstrates 
the importance of direct measurements at levels comparable 
to the height of the wind turbine· for a definitive 
assessment of wind power. For an extensive discussion of 
the time-dapendent nature of the diurnal wind profilas 
the reader is referred to (21. 
The bandwidth of mean ~nual wind speeds at different 
heights is listed in Tab. 1.2. The heights correspond to 
hub heights of wind turbines which are examined in the 
study. 
Ranking the months by the height of the mean monthly 
wind speed, the tendency shown in Tab. 1.3 hold. 
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the Netherlands so 100 m ( 1969 
-
1975) m 
Cadzand 7.6 - 9 .o 8.2 - 9.7 
Kornwerderzand 7.8 - 8.5 8.4 
-
9. 1 
-·--- - --· ---
Tersche~ling 8.4 
-
9.3 8.9 
-
9.9 
Vlissingen 6.1 - 7.3 6.9 - 7.6 
Cabauw s.s 6. 1 
Sweden 80 100 m (1969 - 1975) m 
Malmö 7.2 - 8.2 7.4 - 8.4 
Torslanda 7.5 - 9.0 7.7 - 9.3 
Visby 7.5 - 8.4 7.7 - 8.6 
Japan So m 100.m ( 1969 - 1975) 
Ibukiyama 9.9 - 12.2 10.8 
-
13.2 
Omaesaki 7.4 - 8. 1 9.7 - 10.3 
Tsukubasan 7.2- 8.1 8.3 
-
9.4 
I 
I Esashi 5.3 - 7. 1 5.6 - 7.6 
I 
. 
I Miyakej ima 6.9 
-
8.5 7.6 
-
9.3 
Murotomisaki 7.7 - 8.6 9.3 - 10.3 
USA 61 m 
San Gorgonie ( 1979) 7.6 
Ludington ( 11 /7 8 
-
10/79) 7.9 
Tab. 1.2: bandwidth of mean annual wind speeds (m/s) in 
different heights. 
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the Netherlands Sweden Japan 
high winds Nov. Nov. Feb./Jan. 
Jan./Dec. Jan./Dec. Dec./Mar./Nov. 
Mar./Apr./Oct. Sep./Oct./Apr. Apr. 
Feb./May/Sep. Mar./Feb./May Oct. 
June/July June/Aug. May/Sep. 
low winds Aug. July July/Aug./June 
Tab. 1.3: Rankorder of months by the height of the mean 
monthly wind speed 
It must be emphasized that this is only a weak or long 
run tendency. Particular years showed different rank 
orders. At all Swedish measurement stations, for example, 
the mean wind speed of July 1974 was above the mean wind 
speed of November 1974. 
The corresponding rank order for San Gorgonie and 
Ludington is given in Tab. 1.4. Since the available data 
were only for a single year there is some question as to 
how typical that year might be in that sense, that the 
long-run tendency is reflected correctly. 
San Gorgonie Ludington 
high winds Apr. Nov./Dec . 
• May/Aug./June Oct./Jan. 
July/Oct. Mar. 
Mar./Feb. Feb./Apr. 
Sep./Nov. June/May 
low winds Dec./Jan. Aug./July 
' 
Tab. 1.4: Rankorder of months by the height of the 
mean monthly wind speed. 
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Cast min~um integration of wind turbines into the 
generation system, as discussed in Chapter 3, requires 
accurate wind turbine output forecasts for forecasting 
periods from 10 minutes to about 6 hours. Such fore-
casts will have to be based on wind speed forecasts. 
The methods used today by meteorologists fail to 
give accurate wind speed forecasts [1]. The meteoro-
logical forecasts exploit the relationship between 
wind speed and independent wind related predictors 
such as pressure, temperature, etc. In order to get 
a lead on whether forecasts based on a t~e series 
analysis of wind speeds can be expected to be quite 
accurate, a t~e series analysis was performed within 
the scope of this study. Periods of 3 hours and 6 hours 
were analyzed. Data input were two minute wind speeds 
which had been measured at 80 m height at Cabauw (the 
Netherlands) in 1973. First, the hypothesiswas tested: 
The two minute wind speed data form a weakly stationary 
stochastic process in periods of 3 hours (6 hours). 
That being the case, quite accurate forecasts should 
be possible. However, the hypothesis had tobe rejec-
ted (significance level: 0.05) for 1270 out of 1748 
3 hour intervals (72.65 %) and for 676 out of 874 
6 hour intervals (85.93 %). As for the statistical 
details, the reader is referred to [3] or [6]. Fig. 1.2 
shows two minute wind speed data which could be con-
sidered to be a realization of a weakly stationary 
stochastic process. This does not apply for the tL~e 
series shown in Fig. 1.3. 
12 -
:~ 
II 
17 
II 
15 
mL>utes 
so 100 1to 1~0 1aa 110 zoo ztu z~o zso z1o lao 320 3'0 310 
Fig. 1.2: Time series of two minutewind speed data - weakly 
stationary stochastic process 
~ 
~ 
0 
IS 
•• 
17 
~ ' ~ 
~ 3 
~ :t 111 I 1 I I I I I I I I I I I I I I I I 1 I I 11 I I' I I 1 I I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 III 1 I I 111 I~~~~~~~~~~ 1111 I 
a za •o so so 100 120 1,0 1so 110 zoo zzo z'o zso z1o .Joo Jzo J~o J&o 
Fig. 1.3: Time series for ~o minutewind speed data- the stocha-
stic process is not weakly staticnarJ 
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Next, 24 ARIMA (~utoregressive 1ntegrated ~oving ~verage 
models) were fitted to the wind speed data. 
Due to the time consuming nature of this kind of analy-
sis, the analysis had to be restricted to 60 periods of 
each 3 hours length. If any of the 24 ARIMA-models had 
fitted best in most cases, accurate wind speed forecasts 
should be possible. None of the ARIMA-models could be 
said to be the significantly best model, however. This 
indicates that the prospects of obtaining rather accurate 
wind speed forecasts for periods up to 6 hours do not 
look good. That is, techniques have to be improved to 
forecast the wind speed easily and accurately. 
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2 WIND TURBINE GENERATION STATISTICS 
The wind turbine output has in principal been calcula-
ted via the steady-state perfor.mance curve as shown in 
Fig. 2.1 • 
power output 
(MW) 
wind speed at 
hub heicrht 
Fig.2.1: Steady-state performance curve of a wind turbine. 
PR: rated power, vi: cut-in wind speed, vR: rated 
wind speed, v 0 : cut-out wind speed. 
Four wind turbines were modelad for the study. The rele-
vant parameters utilized in the generation ealculations 
are listed in Tab. 2.1. Fora detailed description of the 
wind turbine designs the reader is referred to 
[2]: Boeing MOD-2 
[5]: GR0t1IAN 
[3]: Aeolus 
[7]: NIBE-A 
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wind turbine system GROW!AN I Aeolus MOD-2 0.8-MW 
manufacturer MAN-Neue Karlstads Boeing similar to 
Technologie Mekaniska NIBE-A wind 
Werkstad turbine 
rated oower (MW) 
.. 3.0 2.0 2.5 0.8 
cut-in (m/s) 6.5 6.3 6.3 6.0 
rated wind speed (m/s) 12.7 13.1 12.3 12.6 
cut-out (m/s) 24.0 21.0 21.0 24.0 
hub height (m) 1CO 80 61 so 
Tab.2.1: Performance parameters of wind turbines 
It must be emphasized that the steady-state perfonnance 
characteristic can only be expected to est~ate the 
power output quite accurately if: 
- the wind speed at hub height is representative for 
the wind speeds which prevail on the whole swept area, 
- the mean wind speed at hub height which is used in 
actual calculations is representative for all tne 
wind speeds which occur during the averaging period. 
Regarding the latter, experimental data fram the MOD-OA, 
the MOD-1 and the MOD-2 show: There is a good agreement 
between ~~e actual power output of the turbine and the 
power output calculated from the steady-state characte-
ristic if the turbine is synchronized over the entire 
time interval T [1], [9]. However, the langer T, the 
more a continual synchronization will fail to hold, 
because the wind speeds will somet~es be lower than 
the cut-in speed or high er than the cut-out speed. 
This is not considered by the mean wind speed approach 
of the steady-state characteristic. Recent investiga-
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tions [6] show that the steady-state approach based 
upon mean hourly wind speeds may overestimate the 
power output of the wind turbine by 10 % to 20 % de-
pending on the gustiness of the wind and the responsive-
ness of the turbine. The investigations were based upon 
two minute wind data and took into account the machine's 
startup, shutdown and synchronization procedure as well 
as its yawing behavior. Two studies [4], [9] indicate, 
that the usuage of non-site specific data in planning 
studies results in capacity factors for wind turbines 
larger than those observed in practice. 
The bandwidth of the annual WECS power output is listed 
in Tab. 2.2. Note, that missing wind speeds had been 
rehabilitated for power output calculations. The values 
shown in Tab. 2.2 do, however, not account for forced 
outaqes. 
The range of the intervals shown in Tab. 2.2 indicates 
that there is not any typical year. The correspondinq 
intervals for shorter periods like months, days or even 
hours are all the larger, the shorter the period is. 
Therefore, the listing of those intervals or the state-
ment of mean values can hardly claim for any substance 
and is amitted in this final ·report. 
Ranking the months by the height of the mean monthly 
wind turbine output, the same rank order results as 
shown in Tab. 1.2 and Tab. 1.3 respectively. It must 
again be emphasized that this is only a weak tendency 
which did not apply for every year. Further, at most 
candidate sites, the wind turbine power outputwas 
higher durinq day-time ( 7 h - 19 h) than during night-
t~e on the annual averaqe (exceptions: Tsukubasan, 
MiyakejL~a (Japan); San Gorgonio, Ludington (USA)). 
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the Netherlands 
(1969 - 1975) GR.OWIAN 0.8-MW 
Cadzand ( 1972 - 1975) 9.1 - 12.6 2.2 - 3.0 
Kornwerderzand 9.4 - 11.3 2.3 - 2.7 
Terschelling 10.6 - 12.8 2.6 - 3.2 
Vlissingen 5.9 - 8.8 1.3 - 2.1 
cabauw (1973) 4.8 1.0 
Japan 
{1969 - 1975) GROWIAN 0.8-MW 
Ibukiyama 13.4 - 15.5 3.3 - 4.1 
Omaezaki 10.3 - 12.0 2.1 - 2.7 
Tsuk\lbasan 9.5 - 11.4 2.0 - 2.5 
Esashi 5.7 - 9.4 1.4 - 2.3 
Miyakejima 8.0 - 11.0 1.8 - 2.6 
Muretomisalti 11.0 - 12.5 2.2 - 2.7 
Sweden 
(1969 - 1975) GROWIAN Aeolus 
Malmö 8.5 - 10.1 5.2 - 6.0 
Torslanda 9.0 - 11.4 5.4 - 6.8 
Visby 8.5 - 10.3 5 .o - 6 .l 
OSA MOD-2 
San Gorgonio (1979) 8.1 
Ludington (11/78 - 10/79) 7.8 
Tab. 2. 2: Bandwidth of annual WECS power output ( GWh) 
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On the monthly average just the opposite applied for 
particular months, however. Note, that the validity 
of the day-time - night-time results is based on the 
assumption, that the phenomenon shown in Fig. 1.1 does 
not apply for the candidate sites. 
Tab. 2.3 gives the percentage of annual hours, the 
wind speed was either above cut-out or below cut-in. 
That considerable improvements can be expected through 
site diversity can be seen from Tab. 2.4. 
the Netherlands 
( 1969 - 1975) GROWIAN 0.8 MW 
Cadzand ( 1972 - 1975) 26 \ - 41 % 25 % - 41 \ 
Kornwerderzand 30 % - 37 % 30 % - 37 % 
Terschelling 26 % - 35 % 25 % - 34 % 
Vlissingen 41 % - 56 % 42 % - 57 \ 
Cabauw (1973) 62 % 64 % 
Japan 
( 1969 - 1975) GROWIAN 0.8 MW 
Ibukiyama 21 % - 31 \ 24 % - 30 % 
Omaezaki 33 % -40 % 39 % - 44 % 
Tsukubasan 39 % - 46 % 40 % - 47 % 
Esashi 51 % - 65 % 51 % - 65 % 
Miyakejima 39 % - 48 % 34 % - 49 % 
Murotomisaki 32 % - 36 % 34 % - 40 % 
Sweden 
(1969 - 1975) GROWIAN Aeolus 
Malmö 37 % - 46 \ 37 % - 46 % 
Torslanda 33 \ - 43 % 30 % - 41 \ 
Visby 37 % - 44 % 31 % - 37 % 
USA MOD-2 
San Gorgonie (1979) 49 % 
Ludington ( 11/78 - 10/79) 40 % 
Tab.2.3: Percentaga of annual hours with no WECS power output -
single sites 
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the Netherlands GROWIAN 0.8 MW 
Cadzand 12 % - 19 % 12 % - 19 % 
+ Kornwerderzand 
+ Terschelling 
(1972 - 1975) 
Japan GROWIAN 0.8 MW 
Miyal<:ej ima 8 % - 15 % 9 % - 17 % 
+ Omaezaki 
+ Tsukubasan 
(1969 - 1975) 
sweden GROWIAN Aeoulus 
Malmö 12 % - 19 % 10 % - 16 % 
+ Torslanda 
+ Vis.by 
(1969 - 1975) 
Ta.b. 2. 4: Percentage of annual hours wi th no WECS power output -
diversity of sites 
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3 INTEGRATION oF WIND TuRBINES INTO THE UTILITY PowER 
GENERATION AND CONTROL SYSTEM 
The primary issues and concerns regarding the integra-
tion of wind electric generation into utility systems 
can be classified into three major categories: planning, 
operations and dynamic interaction. 
Planning involves an assessment of the feasibility of 
including wind turbines in the future generation mix 
of the utility. This issue will be discussed in Chap-
ter 4 and 5. 
Dynamic interaction is concerned with the oscillations 
of power, voltage, .and frequency between the wind tur-
bines and the other generating units in the utility sy-
stem. Already the conventional generation system is in 
a state of constant dynamic motion resulting from load 
changes, changes in production level at various power 
plants, and network switching. In general these pertur-
bations cause excursions of power, frequency, and valtage 
at the system's natural frequencies of oscillation which 
are usually sufficiently damped to prevent a sustained 
system oscillation or one that grows with time. If wind 
turbines are added to the generation mix, the variations 
in wind turbine output could over-excite normal modes 
and could cause system instabilities. These instabilities 
in turn could restriet the use of wind turbines by utili-
ties, [ 13]. The severity of t.~e problern is determined from a 
combination of generation mix and type, load profile, 
and overall oparational procedures. To analyse the im-
pacts of wind turbines on dynamic interactions above all 
highly resolved data (milliseconds to minutes) and a con-
firmation of the perfor.mance of the wind turbines through 
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actual testing is necessary. Subject to the data basis 
of this study such a detailed dynamic and transient 
analysis could not be perfor.med. Studies examining the 
dynamic and stability properties of large wind turbines 
and ~pacts of large penetrations on utility systems are, 
e o g • 1 [ 5 ] 1 [ 7 ] 1 [ 9 ] I [ 1 1] I [ 1 51 • 
Operational issues focus on the commitment of generating 
units with pr~ary concern on the ~pact of the variable 
output of wind turbine arrays on the utility system, in-
cluding the real-t~~ control and the economic dispatch 
of both the conventional and wind turbine units. The 
critical issues within the operation are discussed 
in some greater detail within this Chapter. This 
Chapter is intended to serve as an guide to under-
standing utility system concerns, not solving them. 
Solutions can only be given site and utility speci-
fic, based on a much wider data basis from opera-
ting experience than gained so far. 
If wind turbines are to be a significant part of an elec-
tric utility system 1 the pr~ary concern regarding the 
operation of the intermittent resource is: 
Do clusters of wind turbines necessitate the alteration 
of the present power system operating strategies? 
System Operation can be subdivided into off-line manage-
ment (operation planning, unit scheduling) and on-line 
management (economic dispatch, frequency control, load 
following). Both the managements are pr~arily affected 
by the level of wind power penetration. The impact of 
wind power on system operation depends on the expected 
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load share of wind power (off-line managernent) as well 
as on the actual load share of wind power (on-line manage-
ment). 
A number of measures for penetration such as nameplate 
of wind turbines as a oercentage of peak demand [16], as 
- . 
a percentage of total installed capacity [8], as aper-
centage of originally-planned system conventional capaci-
ty [6] seem to be ineffective in capturing the essential 
factors affecting the power system Operations. 
3.1 LOAD SHARES CF lARGE NUMBERS OF WIND TURBINES 
To get an impression cf the actual load shares of a 
large number of wind turbines, hourly load data were 
opposed to hourly output data of wind turbine arrays. 
The histories of hourly load data were proviäed by SERI, 
USA; TEPCO, Japan; KEMA, the Netherlands; and Vattenfalls, 
Sweden. 
Tab. 3.1 shows the daily load shares, 600 2.5 MW MOD-2 
wind turbines, installed at San Gorgonio, CA., would 
have had in the Southern California Ed. (SCE) system 
in 1979. 
Tab. 3.2 gives the mean hourly load shares of an array 
of 600 MOD-2's at San Gorgonie in the SCE system in 1979. 
Corresponding data of other candidate sites and utilities 
yielded similar results. 
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The load shares listed in Tab. 3.1 and Tab. 3.2.demon-
strate the stochastic nature of wind power. The daily 
load shares change from day to day and, above all, the 
changes do not show ~~y regularity. Considering shorter 
periods like hours, minutes or seconds, both the varia-
tions and their lack of regularity become even more pro-
nounced. This indicates that a large number of wind tur-
bines can have a significant impact on the current Opera-
tions of the utility system such as excessive ramping of 
the conventional units and unacceptable regulation work. 
Same of these impacts may require modifications of the 
current operating strategy which is sketched below. 
3.2 ÜPERATIONAL CoNCEPT OF A PowER SYSTEM 
The present utility system operation consists of two 
phases - the operation planning and the real time 
Operation. The operation planning is an off-line pro-
cedure that involves the commitment of generation units 
to be operated for each hourly segment of ~~e next day. 
The real tLme operation involves the on-line management 
and control of the generation units, [14]. 
3.2.1 ÜPERATION PLANNING 
The operation planning process involves ~~e scheduling 
of the generation to meet the load. Input are peak load 
forecasts of all the hours of the next day. The various 
forecast techniques employed are based on analysis of 
historical load data, evaluation of recent daily load 
trends and, of course, on weather forecasts. The load 
forecast can be given quite accurately. According to 
[4], the mean deviation from the actual load is within 
the West German intertie: 
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The cyclic variations in load require the capability to 
cycle generating units such that a high quality of elec-
tricity is maintained, i.e., proper frequency and suffi-
cient capacity. 
With regard to their capability to follow the temporal 
requirements of the load both in magnitude and rate of 
change, the generating units are classified in base, 
intermediate and peak load units. For ~~ extensive dis-
cussion of the unit characteristics and unit Operating 
constraints, the reader is referred to the reports for 
the participating countries. 
3.2.1.1 RESERVE CAPACITY 
In order to guarantee a safe power supply during real 
time operation extra generation is scheduled as reserve 
capacity. The reserve capacity is needed for: 
- outage of units, maintenance of units, lack of cool-
ing possibilities, variations in run-of-river sup-
ply, outage of exchange power, 
- regulation and control. 
That is, reserve is necessary both for generation failu-
res and undisturbed operation (frequency control). 
The reserve is generally cl 'f' d ass~ ~e in spinning reserve 
and standby capacity. 
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The reserve is scheduled both With regard to its capa-
city and its access time. Fig. 3.1 illustrates the re-
serve requirements. 
0 
generation 
reserve 
forecasted 
load 
reserve capacity subject to 
anindexed system security 
capacity 
off-line with a high quick 
r---+- load pickup capabili ty 
Fig.3.1: Reservecapacity and load 
3.2.1.2 UNIT SCHEDULING 
The actual collection of units is scheduled on an hour-
ly basis to meet the forecasted load at minimum produc-
tion costs. Constraints are given by the unit charac-
teristics, the unit operating casts, ~~e unit aperating 
canstraints, and ~~e system operating canstraints. A 
result of unit scheduling is a tL~e table indicating 
which types of units for what time span are put an and/ 
or taken off line for the next 24 hours. As t~e pro-
ductian costs are determined by the fuel casts and the 
cycling costs, the abjective function can be quantified 
as follows: 
( 3 • 1 ) 
where 
T 
c~ 
' 
.... 
~ 
} : 
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(c~ (p. (t))+c (t))dt ~ min! 
.~,.i ~ Ci 
period for the cost minimization (usually a 
period of 24 hours) 
fuel costs as a function of time and power 
level for the i-th unit 
) : cycling costs for the i-th unit 
production costs 
3.2.2 REAL TIME OPERATION 
Based upon the schedule of the operation planning, a 
~ore detailed dispatch of the generation is required. 
For that purpose, economic dispatch of the firm system 
load above baseload is performed almest continuously. 
The dispatch is made subject to the lowest incremental 
production cost. This on-line management is performed 
tc continuously adjust the system generation to the 
system load. 
In the present day practice both the generating units 
ar.d the loads are connected to a multiple-area inter-
connected system in order to obtain both continuity of 
service to c~stomers and the rnost economical power pro-
duction. 
A multiple-area interconnected system consists of opera-
tir.g areas (i=1, .•. , n), each one of which is expected 
to adjust its own generation in order to absorb its own 
load changes and unit failures. 
- 31 -
The continuous load changes, the changes in production 
level at units, and outages result in a continual gene-
ration change (jumps, ramps, ups and downs). These load/ 
generation changes are reflected in frequency variations. 
The system frequency and the generation is monitared by 
the combined actions of the generator frequency control 
and the automatic generation control (AGC) of an Opera-
ting area. 
The AGC monitors the total 
(~f) plus the net tie line 
area deviation in frequency 
power flow deviation (~Pt. ) ~e 
of the i-th operating area. The deviation is measured 
as the area control error (ACE) : 
(3.2) ACE = ~f + ~Ptie 
To null the ACE and to adapt the generation to the load, 
three factors gain interest, ~1], ~4]: 
Spinning reserve is defined as ~~e difference between 
the total capacity of all synchronized units assigned 
to regulation and the actual load on those units. 
Unloadable generation is the difference between the 
load on the regulating units and the rninimum load that 
can be placed on the units. 
The load following capability is the maximum change in 
generation due to regulation and economic dispatch com-
bined. 
In general, spinning reserve must be sufficient to fol-
low the maximum probable increase in generation required 
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in ten minutes. Without wind generation, the maximurn 
probable increase in conventional generation over a 
ten minute period is given by: 
The loss of the utility's largest generating unit or 
tie line power import, plus the maximurn increase in load. 
Similarly, sufficient unloadable generation must be 
made available to follow the maximurn probable decrease 
in generation, which is given by: 
The loss of the utility's largest load or tie line 
power expert, plus the maximum decrease in load. 
In Fig. 3.2 the requirements are sketched, [14]: 
maximum inc:ease 
L• load ~ 
lass of largest 
single sour::e 
loss of largest 
single commit::nent.,.. 
:na...x.i.!lrum decr e as e 
in lr:ae 
?ig. 3.2.: 
l spinning reserve 
r--------4 +-- operating level 
( unloadable 
r----------4 ) generation 
r-----------4 ~ min.operati:1g 
level 
regulating 
capacity 
Regulating capaci~y requirements for AGC 
tional generation of t.'1e ::onven-
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3.3 WIND TURBINES AND THE NEGATIVE LOAD CONCEPT 
As for all the electric utility systerns, a wind-assisted 
system is mandated to operate at minimum cost with a 
prescribed level of reliability. 
As wind energy is a primary energy free of charge, it 
would in principle be favorable to let the wind turbines 
generate as much electricity as possible. However, since 
start and stop procedures for the large nuclear and/or 
fossil fired units are undesirable from a technical 
and economic point of view, the base load units are 
kept on-line, even if wind power had allowed ~~e 
shutdown of some of these units. Ranked inferior to 
the base load units, wind power is cornmitted superior 
to all other conventional units but the regulating units. 
Because the wind is available inteimittently, wind tur-
bines cannot be dispatched to meet a sudden load change 
or a crisis due to a failure of a generating unit. 
Hence, wind turbines cannot be committed as regulating 
units. 
The residual load (total system load less the net 
generation of the base load units less the net 
generation of the wind turbines) is then input to an 
iterative search to determine the least cost choice of 
units according to equation (3.1). This apprcach is 
referred to as negative load concept. 
Hence following, wind power ccmpetes in displacing the 
power output of the cycling economic dispatch and peak 
load units. These units are generally fueled by oil er 
coal. 
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3 3 ;llustrates the Fig. · ... load matehing process in the 
presence of wind power. 
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To which extent conventional fuels are displaced, depends 
on 
the penetration level of the wind turbines 
~~e wind regime and the wind park configuration 
the wind turbine generators 
~~e system Operating strategy 
~~e accuracy of the wind turbine output forecast. 
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3.3.1 VARIABILITY ÜF WIND POWER 
The unit scheduling is generally programmed on an 
hourly basis. The variability of hourly ~ind power 
is therefore of major concern for the operation 
planning. 
In Fig. 3.4 the hourly output, 1.830 Aeolus wind 
turbines would have produced in March 1975 is plotted 
against the hourly Swedish load of March 1975. 
In Fig. 3.5 the hourly output, 900 GROWik~ 3.0 MW 
wind turbines would have produced in March 1975 is 
plotted against the hourly Dutch load of March 1975. 
Finally, in Fig. 3.6 the hourly output of 1.800 GROWI&~ 
3.0 wind turbines is opposed to the hourly load of 
TEPCO of December 1980. The output remained constant 
over the interval [1 h, 3 h], [4 h, 6 h], ..• , [22 h, 
24 h]. This is due to the fact that the wind data we 
received were mean wind speeds with averaging tirnes of 
three hours (see Chapter 1). 
For corresponding plots of other months the reader is 
referred to the reports for the Participants. 
As can be inferred from the plots, the pcwer output 
varies considerably from hour to hour. As fcr Japan, 
the load shares of hours from successi7e interrals 
differ to a large extent. However, it is not th~s fact 
which makes a smooth integration dcubtful but the lack 
of regularity in the variations. The load, for example 
varies too, but the variations show a high degree of 
regularity, as indicated in Fig. 3.4 thrcugh ?ig. 3.6 
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In order to assess the effects of the wind power output 
variability on the present-day operation planning con-
ceptl a hypothetical perfect wind turbine output fore-
cast is assumed in the following. The investigations 
are confined to the ups and downs in wind generation 
within the next three hours, [3]. 
Let Yt be the hourly wind turbine power output. Then 
the max~um relative variation in output from hour t 
to t+i is given by expression ~3.3) 1 subject to the 
condition that there is a wind turbine output unegual 
to zero in the hour t: 
(3. 3) 
where 
y -Y 
= max fl t yt+11 1 
t 
... , i=11213 
Yt+j: hourly wind turbine output in the hour 
t+j (j=OI11•••1i) 
dt+i: max. relative variation within the period 
(tl t+i) 
Tab. 3.3. shows the frequency distribution for categories 
of maximum variations in wind power output for the two 
sites San Gorgonie and Ludingtonl OSA. If a significant 
WECS level exists, it is assumed that Variations in the 
category of 
- [ 0 % - 20 %] are negligible for the unit commitment, 
- (20 % - so %] are absorbable under alterations of the 
regulating capacity1 
- (SO % - 80 %] require rnore pronounced reserve capacity 
schedules, 
• (> 80 %) require commitrnent and dispatch alterations 
to a larger extent. 
~ - - ~ ~ 
categories of variation 
(o\-10\) {10\-20\] (20\-30\) (30\-50\) 
tilne horizons; t+ 1 /t+2/t-t3 t+1/t-t2/t+J .. t+1/t+2/t+J t+1/t+2/t+J 
Ludlogton 
1/1/79-10/31/79 40.3/25.2/19.5 • 15.4/12.4/10.0 10.2/10.8/8.9 11.8/15.2/15.4 
San Gorgonio 
1/1/79-12/31/79 52.3/40.4/35.0 10.5/ 8.6/ 7.0 7.4/ 7.3/6.7 8.8/11.3/11.2 
--··· -~..a,:..;a;; - -
.. 
categories of variation 
{50\-70\) (70\-80\] (00\-90\) (> 90\) 
time horizons; t+1/t+2/t+3 t+1/t+2/t-t3 t-tl /t-t2/t+J t+1/t+2/t+3 
Ludington 
' 
1/1/79-10/31/79 6.3/ 8.5/10.3 2.0/ 3.5/ 4.3 1.0/ 2.1/2.6 13.1/22.3/29.0 
ian Gorgonie 
/1/79-12/31/79 4.5/ 6.1/ 6.0 1.8/ 2.5/ 3.0 0.9/ 1.4/1.9 13.8/22.6/29.3 
- --- -
... 
-- ·- -
-
.. 
- - -- = 
'1'ab.3.l: Frequency distribution for categories of maximum wind power variations for different 
time horizons 
*The relative frequency is 19.5 that within a period of three hours the relative 
maximum variation of the hourly power output of a 2.5 MW MOD 2 wind turbine is with-
in the category [0\-10\). 
,p. 
0 
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The following conclusions can be drawn from Tab. 3.3: 
The longer the time horizon, the more the variations 
exceed the range of [0%- 10 %] and (10%- 20 %]. 
Coincidently, it becomes more likely that variations in 
the range of (> 70 %) occur. Above all the'increases in 
frequencies for variations exceeding 90 % is significant. 
To take into account a geographical dispersal of the wind 
turbine arrays, results for the Netherlands and Sweden are 
presented in Tab. 3.4 and Tab. 3.5. 
From Tab. 3.4 and Tab. 3.5 it may be concluded that a di-
versity of wind generation will likely smooth the Varia-
tions. That is, the frequencies being part of the cate-
gories (0 % - 10 %] and (> 90 %) decrease. This decrease 
coincides with higher frequencies of the categories (10 % 
-50%] and (50%- 90 %], indicating that extrem low or 
extrem high changes are less probable. 
The values of Tab. 3.3 through Tab. 3.5 are based on 
a wind turbine generation in the hour t. In addition, 
the behavior of the wind turbine output after an hour 
of standstill gains interest. In this context, the wind 
turbine is at standstill if the hourly mean wind speed 
either exceeds the cut-out speed or is below the cut-in 
speed of the turbine. The increase is measured as: 
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categories of variation 
[0%-10%] (10%-50%] (50%-90%] (> 90 %) 
time horizons: t+1/t+2/t+3 
Terschelling 
1971 .. 43/28/22. 33/35/30 12/16/20 12/21/27 
1972 46/32/26 30/29/26 11/16/19 14/23/29 
1973 45/31/25 29/29/26 11/16/18 14/24/31 
1974 48/33/28 30/31/28 10/16/18 12/20/26 
1975 48/34/28 29/28/25 11/16/19 13/22/28 
Kornwerderzand 
1971 41/27/21 30/29/26 12/17/19 16/27/34 
1972 43/29/24 29/29/25 12/17/18 17/26/32 
1973 39/25/20 29/28/23 14/19/21 18/29/36 
1974 43/28/22 30/31/28 11/17/20 15/24/31 
1975 43/28/22 29/29/25 11/16/18 17/27/34 
Netherland-
Campeund 
1971 39/24/18 37/39/35 11/17/20 12/21/27 
1972 40/26/21 35/34/30 11/17/20 14/22/29 
1973 37/22/17 36/35/31 12/18/21 15/25/32 
1974 42/26/19 37/38/35 10/17/20 11/19/26 
1975 41/27/21 34/34/31 11/17/19 13/23/29 
Tab.3.4: Frequeny distribution for categories of maximum WECS 
power output variations in different time horizons (the Netherlands) 
*The relative frequency is 22 % that within a period 
of ~~ree hours the relative maximum variation of the 
hourly power output of the Aeolus wind turbine is 
within the categorJ [0%-10%] 
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categories of variation 
[0%-10%] (10%-50%] (50%-90%] (> 90%) 
time horizons: t+1/t+2/t+3 
Torslanda 
1971 50/32/23* 14/16/15 14/18/18 23/35/43 
1972 47/28/19 14/16/15 13/18/19 26/39/47 
1973 48/30/22 13/14/13 13/17/18 26/39/47 
1974 45/27/20 15/16/15 14/18/19 26/39/46 
1975 46/28/21 13/14/13 15/18/19 26/39/48 
Malmö 
1971 46/27/18 15/17/15 17/23/26 22/23/41 
1972 45/26/18 16/19/17 16/21/23 23/34/42 
1973 45/25/17 17/18/17 16/21/23 23/36/44 
1974 46/27/19 17/19/18 17/22/24 21/32/39 
1975 46/27/19 16/17/15 16/22/24 23/34/42 
Sweden-
Compound 
1971 34/16/10 34/37/33 15/21/23 17/27/35 
1972 35/16/10 32/33/30 14/21/23 20/30/37 
1973 34/16/ 9 32/34/32 15/20/23 19/30/37 
1974 33/15/ 9 35/37/34 14/20/23 18/28/35 
1975 34/16/ 9 32/33/30 16/22/24 19/29/36 
Tab.3.5: Frequency distributions for categories of maximum WECS 
power output variations in different time horizons 
(Sweden) 
*The relative frequen~I is 23 % that within a period 
of three hours the relative maximum variation of the 
hourly power output of i!he Aeolus is ·.vithin t.."le 
category [0%-10%] 
( 3. 4) 
where 
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increase in wind turbine generation from 
the hour of standstill t to the hour t+1 
In Tab. 3.6 the frequency distribution for the two OS-
candidate sites is recorded. 
output ranges San Gorgonie Ludington 1/1/79-12/31/79 1/1/79-10/31/79 
(o.o-o.s MW] 95.0 96.2 
(O.S-1.0 MW] 3.0 2.7 
( 1. 0-1 • 5 MW] 1.1 0.4 
(1.5-2.0 MW] 0.3 0.1 
[2.0-2.5 MW] 0.6 0.6 
Tab. 3.6: Frequency distribution for categories of WECS power 
output after standstill; WECS: MOD-2 
In Tab. 3. 7 and 3. 8 a compound of the t~t~o Dutch and 
two Swedish si tes, listed in Tab. 3. 4 and Tab. 3. 5 re-
spectively, is regarded. 
output ::-anges year 
1971 1972 1973 1974 1 1975 [o.o-o.s MW] 99.0 99.5 98.8 98.9 99.2 
(0. 5-1.5 :.m] 1.0 0. 5 1.2 1.1 0.7 
(1.5-2.0 MW] o.o o.o o.o 0.0 0.1 
Tab.J.7 F=equency distribution fo= categories of WECS power 
cutput afterstandstill (Sweden); WECS: Aeolus 
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output ranges year 
1971 1972 1973 1974 1975 
[o.o-o. 5 MW J 99.4 99.0 99.0 98.7 99.0 
(0.5-1.5 MW ] 0.5 0.8 0.9 1.1 0.7 
(1.5-2.0 MW] 0.1 0.2 0.1 0.2 0.3 
Tab. 3 • 8 : Frequency distribution for categories of WECS power 
output after standstill ( the Nether lands) ; WECS: Aeol us 
Conclusion: It is most important that the increase with-
in one hour in wind turbine output after an hour of 
standstill is predominantly in the half-megawatt range. 
This result holds for the compounds as well as for the 
single sites. It can be inferred from Tab. 3.6 through 
Tab. 3.8 that it is not that likely that jumps from 
no generation to rated generation occur. 
3.3.2 EFFECTS OF WIND TURBINE PARKS ON OPERATION PLANNING 
For a system including a significant number of wind tur-
bines, it may be infer.red: Even if there were a perfect 
wind power forecast, the scheduled regulating capacity 
has to be increased in order to compensate for the sig-
nificant changes in wind turbine_output from one hour to 
the other. 
For example, Tab. 3.3 indicates that the frequency is 
about 36 % (Ludington)/33 % (San Gorgonio) that the max. 
variations within 2 hours exceed 50 %, and about 46 % 
(Ludington)/40 % (San Gorgonio) that the max. variations 
within 3 hours exceed 50 %. 
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However, i t can be concluded from Tab. 3. 6 through 
Tab. 3.8 that after standstill of the turbine, the 
increase in power output is very slow. Abrupt jumps 
to rated power occur only during very few hours in 
the year. It may be inferred that operation planning 
should be able to rely on the fact that the WECS power 
output does not enter the·grid explosively. 
Furtherrnore, a geographical dispersal of the parks is 
likely to smooth the variations in mean hourly wind gene-
ration, as shown in Tab.~-·~ and Tab. 3.~. However, the di-
versified siting cannot neutralize the variations. 
As lang as the negatLve load concept is applied, the 
midter.m variations in wind generation will impact the 
unit commitment, if a significant nurober of wind tur-
bines is installed. 
~~ increase in regulating capacity necessitatss an al-
teration of the unit scheduling process. In addition to 
an increased schedule of gas turb~es, hydroelectric, 
and stored hydro, a larger nurober of cycling units will 
have to be operated part-loaded. This increase in loa-
ding and in capacity for units scheduled for regulating 
duty will be accompanied by a decrease in loading and 
in capacity of economic dispatch units. Hence, the re-
vised scheduling of conventional units will result in 
increased production costs. This cost increase must be 
applied against the value of wind generation. 
Note, the investigations of the variations of wind ge-
neration were based upon perfect output forecasts. so 
far, only little work has been done on the field of 
forecasting wind turbine output. 
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If reliab~e anticipatory infor.mation about wind speeds 
which will be used to predict wind turbine output is 
available, the following advantages are offered: 
Ther.mal units could be shutdown in time or they need not 
be put on line if wind generation is said to be available 
in three hours, for example. On the other hand, thermal 
units can be started up in advance in order to be on 
line, if the wind generation is expected to decrease. 
Based upon this in advance knowledge, the economic dis-
patch units could partially be preferred to the regula-
ting units in the commitment. Compared to a scheduling 
without anticipatory wind infor.mation a more efficient 
employment of the cycling units results. 
For that very purpose, wind speed forecasts of equal 
length with the startup times from spinning and non-
spinning state of cycling thermal units are required, (2]. 
With regard to a system favorable to wind power (Swe-
den: large spinning reserve (hydro)), the following 
per.missible root mean square errors of a wind speed 
forecast were suggested by utilities for a wind pene-
tration of 10 %, [12]: 
RMSE 
+ 1.0 m/s 
! 1.5 m/s 
+ 2.0 m/s 
projection time of wind speed 
forecasts 
< 4 hrs 
4-10 hrs 
>10 hrs 
A Swedish study [1] investigating the present-day meteo-
rological wind forecast methods, concluded that none of 
the current forecast methods meets the rather stringent 
requirements. Furthermore, the results of time series 
analyses which were sketched in Chapter 1 , 1nd1cate that 
time series methods may also fail to give forecasts of 
the required accuracy. 
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Conclusion: To date, the prospects of good wind power 
forecasts are gloomy. Operation planning will thus 
have to rely on increased regulating capacity, if a 
significant wind penetration is implemented. 
3.3.3 EFFECTS OF WIND TURBINE PARKS ON REAL TIME 
OPERATIONS 
Fig. 3.7 shows the power output of the Danish Nibe-A 
wind turbine within 12 minutes at August 24th, 1980. 
"'· 
power outout 
(kW) -
300 
200 
100 
r========--~~+======= minutes 
2 4 6 8 10 12 14 
Fig · 3 . 7 .· ocwe -~...::..::...:.....;:...._. r o~tput of t.."le  Danish Nibe-A wind turbine 
Wl.<:..'llln a t·t~elve ini.nute period. 
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The variations in output require the capability of the 
system to restriet to the variations within aceeptable 
limits. Thus, the conventional generation rnix rnust have 
suffieient respon~e capability to follow the rnidter.rn varia-
tions of wind power both in rnagnitude and rate of change 
and to compensate the shortterm variations. Some indi-
eations may, therefore, be given if wind power is inte-
grated on a higher penetration level: 
- the load following capability need to be enlarged, 
- the spinning reserve will have to be inereased by an 
amount equal to the maximum probable decrease in wind 
generation over a period of several minutes, 
- the unloadable generation will have to be inereased 
by an amount equal to the maximum probable inerease 
in wind generation over a period of several minutes. 
In the case that the load following capability is ex-
eeeded, exeessive frequency deviations, and ACE excur-
sions may occur. The implieations of excessive frequen-
cy deviations and ACE excursions are increased fuel 
consumption, increased wear on regulating units, and 
violations of interchange agreements. 
To restriet (negative) frequency deviations to within 
acceptable limits, which guarantee a high quality of 
electricity, a sequence of responses· exists. The con-
ceptual seheme of the control concept is shown below: 
- so -
frequency 
nominal 
L-----------------------------------------~time 
~--~~~·n-ter~~ operatinq areas 
t.ie 
mea.RS: (D natural governor action 
proportional requlation 
-·.r------
system intertie, rotating masses 
spinning reserve 
exc:hanqe power 
economic dispat;h 
s tandby capa.ci ty 
contractual power 
unit commitment and econom.ic äispatch 
Conclusion: All these measures requi.re that sufficient 
load following capacity is scheduled on line and that 
the system is provided with sufficient load following 
capability. To secure system operation one might suggest 
to simply increase the system load following capability, 
if the wind turbine penetration is increased. However, 
simply increasing the load following capability is not 
an attractive means, since it would further increase the 
ter.dency to shift load from efficient economic dis-
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patch units to less efficient regulating units. In-
creasing spinning reserve, standby capacity and un-
loadable generation would incur additional costs and 
would increase the production costs. The production 
cost increase would reduce the economic benefits de-
rived from wind generation. 
Finally, a statement must be made with regard to the 
smoothing effect of the power output, which is supposed 
to occur if a large number of wind turbines is installed 
over a widespread area. Sometimes studies give the im-
pression, that this smoothing of the overall wind gene-
ration is the most valuable means to avoid penetration 
constraints. 
Statistical methods indicate that a smoothing effect 
can be expected if time period~ are considered and if 
the smoothing effect is measured by the mean or total 
wind power output of the period related to the variance. 
This knowledge may be useful in the off-line planning 
of reserve capacity. 
However, as each change in wind power output would -
ceteris paribus - be followed instantaneously by pro-
portional and/or supplementary regulation and control 
(on-line management) nothing can be deduced from the 
smoothing effect with regard to ~~e real time system 
operation, [10]. 
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4. DtsPLACEl'-1ENT oF CoNVENTIONAL CA.PAC.ITY BY WIND TuRBINES 
Wind turbines are said to have a capacity credit if they 
can displace the installation of conventional units 
(thermal units (including nuclear units) and hydro units) . 
The displacement must be subject to the condition that 
the system reliability is maintained. This means that a 
generation mix composed of wind turbines and conventio-
nal units must guarantee a power supply with the same 
degree of reliability as would do a power plant mix me-
rely composed of conventional units. 
Utilities often doubt whether that is possible at all 
by arguing that they cannot control the wind power. The 
wind is blowing whenever the wind wants to blow and the 
wind is not necessarily blowing when the utility wants 
him to blow. 
These problems fade if wind powe~ is beL~g stored. We 
shall, however, see Section 5.1, assume that wind power 
is directly red into the grid. 
Corresponding problems do not arise at thermal power 
plants since the primary energies gas, oil, coal and 
uranium are always available in the required quantities. 
Of course, the availability of hydro plants depends on 
precipitation which cannot be controlled by man just as 
the wind cannot be controlled. But the natural storage 
of water by earth and the use of storage reservoirs ef-
fect that hydro power is not that highly intermittent as 
is wind power. This is best recognized by the fact ~at 
hydro power prcduction is usuall~ not affected at all if 
it does not rain for some days. There will, however, be 
- 55 -
no wind power as soon as the wind speed is below cut-in. 
As the utilities have not yet been confronted with highly 
stochastic energy sources like wind power, they did not 
develop a method how to calculate the available capacity 
of these energy sources. It is self-evident that any pro-
posed method is the more likely to be accepted by the 
utilities the more the proposal follows the lines of the 
existing conventional methods. But as there is no single 
conventional method which is acceptable to all utilities, 
it can neither be expected that any proposed 'non conven-
tional' method will be acceptable to all. This is neither 
claimed for the following proposal. 
Emphasis is placed on the time problem. T~e is disaggre-
gated to time periods such that throughout every period 
the available capacity of the generation mix being consi-
dered is the same (in a statistical sense) • 
4.1. METHODOLOGY 
4.1.1. THE. LaNG-TERM SYSTEM RELIABILITY CoNCEPT 
Be 
T any period in the future up to the tLme horizon of 
the generation expansion plan 
;. random variable "available capacity in the period T" 
~ random variable or parameter "peak load in the pe-
riod T" 
maximum allowed loss of load probability (LOLP) i 
et.€(0,0.3) 
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A safe power supply is said to be guaranteed in the pe-
riod T if 
( 4 • 1 ) 
where Pr: probability. 
of course, a safe power supply shall be guaranteed through-
out .T. Since it is not known at which time tET the peak 
loadwill occur, this is not guaranteed by (4.1} without 
further ado. sufficient conditions can be stated as fol-
lows: Be zt the random variable "available capacity at 
the time tET''. A safe power supply is then guaranteed 
throughout T if 
for all tET. 
Thus, (4.1) guarantees a safepower supply throughout T 
if, for example, the distribution functions of ZT and 
zt
1
,zt2 , ••• are identical (t1,t2 , ••• ET): 
Pr{ZT~z) = Pr(Zt ~z) = Pr(Zt !iiz) = ••• (4 .2) 
1 2 
for all z EJR • 
It will be shown in the following sections how T must be 
restricted suchthat (4.2) is fulfilled. 
It must be emphasized that the actual utility calcula-
tions are not always that detailed. The more the time 
horizon of the generation expansion plan is approached, 
the langer the periods being considered are and the less 
{4.2) is fulfilled. Annual periods are not unusual. That 
such calculations are sufficiently precise, is shown by 
the empirical evidence that the power supply breaks down 
very rarely and if so it is mainly due to a breakdown of 
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transmission lines but not due to the. availability of power 
plants. There is no doubt that this must be attributed to 
the fact that. the availability of thermal power plants 
highly depends on factors like the maintenance schedule 
which can be controlled by the utilities and which can 
be rescheduled if the plan does not coincide with the 
actual Situation. A similar argument holds for hydro sto-
rage plants. The availability of wind power mainly depends 
on the wind speed which cannot be controlled. It is there-
fore reasonable to assume that the utilities will not 
accept such rough calculations with regard to the availabi-
lity of wind power until the avai~ability has been demon-
strated. 
- . 
4.1.2. ÄVAILABLE CAPACITY OF- THERMAL UNITS 
Be 
~,j 
namepl.ate capacity of the thermal uni t j 
(fossil fueled unit or nuclear unit) 
forced outage rate of the thermal unit j in 
the future period T 
CI.r . 31 if the thermal uni t j is scheduled for 
,J . • d 
maintenance throughout the future perio T 
~,j random variable "available capacity of the 
thermal unit j in the future period T" 
The probability function of ~,j is given by 
( 4. 3) 
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It follows from {4.3) that the random variable 
n 
x__= I x__ .. 
-""1: j = 1 -""1: , J 
f h thermal unit mix in the future "available capaci.ty o t e 
period T"has the expected value 
(4.4) 
Astherandom variables x_ . (j:1, ••• ,n) can be assumed 
-""1: I J 
to be stochastically independent, the variance of ~ 
amounts to 
var x.r = 
n I ~ .(1-~ .)P~. j=1 ,J ,J J 
( 4 • 5) 
The probabi.lity function of ~ can usually be approximated 
by a normal density with parameters E~ and var ~; see 
[1],[2]. 
We shall now investigate the problem how T must be 
restricted in orderthat (4.1) guarantees a safe power 
supply throughout T when ZT is replaced by ~· 
The following conditions are sufficient: 
a) No therma~ unit will be dismantled during T. 
b) The set of those units which are scheduled for 
maintenance remain·s constant over T. 
c) The forced outage rates do not change within T. 
As both the dismantlement and the maintenance schedule 
are planned by the utilities, they know in which periods 
a) and b) are fulfilled. The forced outrage rates mainly 
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depend on the age of the units and can be assumed to be 
constant in periods up to at least a year. Hence, it is 
in principle not difficult to determine periods T1 ,T2 , ••• 
such that ( 4 .• 1) holds throughout T 1 ,T2 ,... • More periods 
will in genera~ result compared with current standard. 
The current standard should be sufficient at small pene-
tration rates of wind turbines. Large penetration rates 
will, however, require more thorough calculations. 
4.1.3." ÄVAI.WLE CAPACITY OF HYDRO PLANTS 
Let a 1 ,a2 , ••• be former periods which correspond to the 
future period T in the following sense: If, for example, 
T is the first week in January 1980, a 1 (a2 , ••• ) must 
be the first week in any January in the past. 
Now let h , h , ••• be the total hydro power production 
a1 a2 (MWh) in the period a 1 , a 2 , •••• Furthermore, let ka = 1 
a2, .••.. ka = ... be the number of hours in the period a 1 , 
. 2 
A distribution function is then est~ated from the mega-
watt sized data h /k , h /k , ••• and the navailable 
a 1 a 1 a 2 a 2 
hydro capacity in the period T" is given by this distri-
bution function. T usually covers a week or a month. 
4.1.4. ÄVAILABLE CAPACITY OF WIND TURBINES 
Table 4.1 gives an Lmpression of the problems which arise 
when deter.mining the available capacity of wind turbines 
for a given time period. 
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:uean llcurly I 0 e c: e m b e r 
a.veraqe ;ower outi)utj 
!1970 1971 11972 11973 !974 11975 value (MW) 1969 
0 22.2 34.0 24.2 21.8 30.2 21.3 1 18.7 24.6 
(O.QO-V.44) 20.4 25.9 13.3 13.6 19.5 19.0 10.1 17.4 
(o.44-o.a8> 9.3 6.6 3 .o 8.6 6.0 7.0 4.0 6.4 
(o.sa-1.32> 10.8 9.3 8.1 12.4 7.5 14.9 7.0 10.0 
[1.32-1. 76) 6.3 7.5 8.2 1.3 6.5 8.9 8.9 7 •. 7 
(1.76-2.00) 4.6 2.7 2.4 8.2 2.3 2.7 1.6 3.5 
2 26.5 14.0 40.9 28.2 28.0 26.2 49.7 30.5 
Tab.4.1: Relative frequency distribution of the mean hourly 
WECS power output. Candidate site: Torslanda (Sweden). 
WECS type: Aeolus 
It is seen from Tab. 4.1 that there are large annual 
differences. Thus, the following problern arises.if the 
estimation of the distribution function of the random 
variable "available WECS capacity in December" is based 
on data from 1969 - 1975: the actually available WECS 
capacity will sometimes be considerably higher than the 
estimate and sametimes be considerably lower than the 
estimate. In the latter case, the power supply could 
be jeopardized at a large penetration rate of WECS. 
Therefore, a ~·worst case approach" is much more likely 
to be accepted by the utilities. F~rthermore, there may 
be significant differences between the hourly WECS power 
outputs in the course of a day. For example, if there are 
significant daytime-nighttLue differences and if the peak 
load occurs during daytime, the available WECS capacity 
should only be estimated from daytime data too (at least 
if the WECS power output during daytime is lower than 
during nighttime). In general, it is recornmended to first 
determine those time periods where the WECS power output 
are significantly different. The following method can be 
used to determine ~~ese periods [4]: 
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Be 
WECS power output in year j, rnonth k (k=1, .•. ,12), 
hour 1 {1=1, ••• ,24). 
The power·output is modelledas 
Yjkl = l.1 + aj + ßk + Yl + A.jk·~ öjl + wkl + ejkl + error 
· where 
l.1 gr and rnean 
aj annual effect 
ßk monthly effect 
Yl hourly effect 
A.,ö,w,e interaction effects. 
The effects a,A.,ö and e are assumed tobe random effects. 
This is because the years are considered a sample out of 
the set of all years. The random effects are assumed to 
have a normal distribution with the expected value zero. 
A normal distribution wi th the expected value zero is also 
assumed for the "error n. 
The effects ß,y,ö as well as the variances of the randorn 
effects a,A.,ö,w,e and the variance of the "error" are 
estimated by the least-squares method. Based on these 
estimates, the following hypotheses are tested: 
H1: var Cl 
H2: ß1 = 
H3: y1 = 
H4: var A 
Hs= var ö 
H6: (.1)1 '1 = 
H7: var e: 
= 0 
... = 
... = 
= 0 
= 0 
= 
= 0 
ß12 = 0 
y24 = 0 
w12,24 
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= 0 
(no annual effect) 
(no rnonthly effect) 
(no hourly effect) 
(no interaction effects) 
As for the test statistics, the reader is referred to 
( ] or [ ] • 
If any of the a.rn. hypotheses has to be rejected we do not 
know, which of the periods being considered differ in the 
WECS power output. The theory of linear contrasts can then 
be applied to answer such questions (see (3],[5]). 
The presented method has been applied to hourly power 
output data of the German wind turbine Growian. An equal 
number of Growians was assumed to be installad at the Dutch 
~oastal ~; t~~ Cadzand, _ Kornwerderzand and Terschelling. 
Data period: January 19·72 - December 1975. Instead of 
subdividing each year into 12 rnonthly periods, each year 
was subdivided into 13 4-week periods since this facili-
tates the calulations considerably. The results were as 
follows: the hypotheses H1,H2 ,H3 ,H4 and a6 had to rejected 
at the significance level o.os. The hypotheses a5 and H7 
could be accepted at the sarne significance level. 
The acceptance of H5 rneans that the tLme-of-day dependence 
of the WECS power output does not depend on the actual 
year. 
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The non acceptance of H1 ,H2 and H3 rneans that the WECS 
power output depends on the actual year, the actual rnonth 
and the actual hour. Of course, this result was to expec-
ted due to· causal explanations of the passage of wind 
speeds. 
Due to the result that H4 had to rejected, the available 
WECS capacity in month k (k=1, ••• ,12(13)) should not be 
calculated by'averaging over the WECS power outputs which 
occured in month k in different years. Further, due to 
the non acceptance of a6 , the available WECS capacity 
· during the hour 1 (1=1, ••• ,24) shou1d not be calculated 
by averaging over the WECS power outputs which occured 
during the hour 1 in different months. Instead, the avai-
1able WECS capaci ty during the hour 1 in month k shou1d be 
calculated from the followinq data in order to be on the 
safe side: 
Be j* the year with the 1owest WECS power output in month 
k. The available WECS capacity during the hour 1 in month k 
is calculated from the WECS power outputs which occured 
during the hour 1 in month k and year j*. Of course, the 
WECS power outputs should account for forced outages and 
maintenance of wind turbines. 
4.1.5. THE CAPACITY CREDIT OF WIND TURBINES 
Be 
random variable "avai1able capacity of the conven-
tional generation rnix in the period T" 
random variable •• available capacity of wind turbi-
nes in the period T" 
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random variable or parameter "peak load in the 
period T" 
hypothetical firm capacities 
maximum allowed LOLP 
The period T shall be such that (4.2) is fulfilled for 
both XT•ZT and ~·YT. 
Note that firm capacities cT'~' which do not exist in 
practice, are used .to obtain operationai definitions of 
the capacity credit. 
Definition 1 (Effective Load Carrying Capability Concept) 
The capacity credit of wind turbines in period T is given 
by the firm capaci ty c T resul ting from 
Comment 
The planned conventional power plant mix guarantees a safe 
power supply as follows from Pr(ZT<~) < a. Adding wind 
turbines to the mix, the resulting mix will have a lower 
loss of load probability (LOLP) than the pure conventio-
nal mix, i.e. Pr(ZT<~) > Pr(ZT+YT<~). Hence, one could 
dispense with conventional capacity when integrating wind 
turbines and the resulting mix would nevertheless guaran-
tee a safe power supply. 
Definition 2 (Equivalent Firm Capacity Concept) 
The capacity credit of wind turbines in ~~e period T is 
given by the firm capacity dT resulting from 
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Comment 
This definition is useful if the planned conventional mix 
does not guarantee a safe power supply in the period T, 
i.e. Pr(ZT<LT)>a. This offence against system reliability 
can be removed by additionally installing so many wind 
turbines that the available capacity YT of the wind tur-
bines is such th~t Pr(ZT+YT<LT)<a. Otherwise additional 
conventional capacity to·the amount of dT would have to 
be installad to restore system reliability. • 
Let ·us now assume that the wind turbines can be put into 
Operation from at least the beginning of the period T 1 • 
If we then consider the periods T1,T2, ••• , the capacity 
credits of these different periods will in general be 
different too. As wind turbines can have one and only 
one capacity credit the question arises which capacity 
credit is the 'true' one. 
We first have to determine how many periods have to be 
taken into account. This depends on the definition of 
the capacity credit. 
Weshall consider the periods T1, ••• ,Tn if Definition 1 
is used whereby each period is such that 
Pr(Z -c +YT <LT) < a (i=1, ••• ,n) • 
Ti Ti i 
The periods T1 , ••• ,Tn cover the time span, conventional 
capacity can be replaced by the wind turbines without 
offending against system reliability. 
Weshall consider the periods T1, ••• ,Tm if Definition 2 
is used. The periods cover the time span from the moment 
a given conventional generation mix fails to guarantee 
a safe power supply (Pr(zT 1<LT1}<a) and system reliability 
- 66 -
is being restered by adding wind turbines (Pr(ZT 1+YT 1<LT 1)<a) 
until the moment this generation mix fails to guarantee a 
safepower supply (Pr(ZT +YT <LT )>a). 
m+1 m+1 m+1 
If Definition 1 is used, the capacity credit should be 
given by c=min{c1, ••• ,c0 }. This guarantees that the ge-
neration mix composed of wind turbines and conventional 
units never has a greater ~OLP that the pure conventio-
nal mix. 
If Definition 2 is used, the capacity credit should be 
given by d=max{d1 , ••• ,dm}. This guarantees that the pure 
conventional mix never has a greater LOLP than has the 
mix composed of conventional units and wind turbines. 
The nurober of periods (n or m) may be that large that one 
has to restriet to some snapshot periods in practice. 
The capacity credit as defined above indicates which con--
ventional unit(s) may be displaced. As there do not exist 
firm capacities, the calculations should be repeated with 
the actual data of those unit(s) which may be displaced. 
The calculations should also take into account that the 
maintenance schedule may change if the generation mix 
includes wind turbines. 
4.2 NUMERlCAL RESULTS 
The required data on the conventional generation system 
(generation expansion plan, forced outage rates, maintenan-
ce schedule, hydro power production) were provided by: 
- the Tokyo Electric Power Company (TEPCO) 
- N.V. tot Keuring van Elektrotechnische Materialien (KEMA) 
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- Statens Vattenfa11swerke 
- Solar Energy Research Institute (SERI) 
The data are listed in the reports for the countries. 
The Capacity credit was ca1cu1ated via the Effective Load 
Carrying Capability Concept (Japan, Sweden, USA) or via 
the Equivalent Firm Capacity Concept (the Netherlands) • 
Except for Ludington, the month of the 1985 peak load is 
assumed to occur was chosen for the snapshot period. The 
annual peak load .of the Ludington utility Consumers Power 
Company I Detroit Edison usually occurs in June. But since 
the WECS power output seemed to be significantly lower in 
July, July was more likely to yield the 'minimum' capacity 
credit and was therefore chosen for the snapshot period. 
Calculations of both the June and the July capacity credit 
showed that the assumption was correct: see p. 59 of the 
report for the United States. 
The distribution function of the random variable ZT was 
always approximated by a normal distribution. A normal 
distribution was also assumed for the randam variable ZT + 
Y~. The parameters EYT and varYT were in principle esti-
mated from the WECS power output of the peak load month 
with the lowest WECS power output over the years. The time-
of-day-dependence of the WECS power output was not taken 
into account. The WECS power output was higher during day-
time (7 h - 19 h) in the peak load month at all candidate 
sites which entered the capacity credit calculations. Thus, 
estimating EY by the mean hourly WECS power output the T . 
expected' value during daytime is underestimated. rurther-
more, using all hourly WECS power outputs for the estima-
tion of varY , the variance during daytime is overestL~ated. 
T · d t' Since the peak load is assumed to occur dur~ng ay ~e, 
this method may be considered as a conservative approach 
to the capacity credit: the correct daytime estimates would 
result in a somewhat higher capacity credit. 
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Using the Effective Load carrying Capability Concept, the 
capacity credit of n wind turbines is given by 
cT(n) = g(ß 1) • (varZT + varYT(n)) 
1/ 2 + EZT + EYT(n) - LT 
where 
ß quantal of the standard normal distribution 
Pr (ZT < LT) • 
using theEquivalent Firm Capacity Concept, the capacity 
credit of n wind turbines is given by 
where 
= 
Fig. 4.1 ~~rough Fig. 4.4 show the capacity credit in depen-
dence on the number .of WECS. It is seen that the capacity 
credit is decreasing if the number of WECS is increasing. 
This can be explained as follows: If the number of WECS 
is small, the variance of the random variable "available 
WECS capacity•r (var YT) is very small compared with the 
variance of the conventional system (var ZT) • The capaci ty 
credit is then approx~ately given by the expected available 
WECS capacity, i.e. cT ~ EYT and dT ~ EYT. If the number of 
WECS is increasing, var YT for.ms a larger amount of the to-
tal system variance (conventional units and WECS). Since 
EYT increases less than var YT, the capacity credit per 
wind turbine decreases. No~e that it is assumed that the 
siting of the wind turbines remains the same if the nurober 
of wind turbines increases. 
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Fig.4.1: Capacity credit of wind turbines in December 1985 in the 
Swedish system 
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Fig.4.3: Capac~ty credits of wind turbines in ~~e TEPCO system in 
July 1985 
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Fig.4.4: Capacity c:::edit of wind turbines in the Dutch system in 
December 1985 
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5 VALUE DETERMINATION OF HIND TURBINES 
5 ,l ÜVERV I E11'1 
Electric utility systems are designed to operate at 
minimum cost with a prescribed level of reliability. 
In order to meet ~~ese goals, a generation expansion 
plan for capacity additions or replacements is devised 
to meet the J.oad by rninimizing the total cost, i.e., the 
capital, fuel, operating and maintenance costs. 
The costs of non-experimental wind turbines are unknown 
so far. Cost estimates are based on vague assumptions 
regarding production costs and learning curves. Projec-
ted wind turbine costs have been addressed by numerous 
studies, i.e., [1], [9], [iO]. One should bear in mind, 
that a grid connection (site-dependent cost, interfacing 
cost) of large-scale wind turbines will be quite complex 
and that large wind turbines do not have a well-developed 
manufacturing base so far. They are composed of different 
components with va~]ing char~cteristics so that many dif-
ferent options are possible. According to this complexity 
in ranges of sizes, power and Operating characteristics, 
it becomes extremely difficult to give reliable cost esti-
mates. One study [6] even suggests that most cost data to 
date has failed to account for all the wind turbine instal-
lation, land, interconnections, transformers, protection 
equipment, project rnaintenance, 0 & M, etc. Further.rnore, 
~~e costs of ~~e experimental units are so far mainly 
determined by federally funded research, developrnent and 
demonstration. Thus, the final costs being incurred at a 
stage of ultimate commercialization and mass production 
are uncertain. 
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Taking into account these uncertainties, a revenue re-
quirement approach is pursue~. The approach determines 
the breakeven cost of wind turbines. The breakeven value 
of a wind turbine is the maximum amount a utility can 
invest in a wind turbine with no cost or reliability 
disadvantages. 
The value is realized by displacing high cost energy 
produced by fossil-fired units by lower cost energy 
produced by wind turbines (production savings) , and by 
displacing or delaying conventional capacity by the 
wind turbine capacity (capital savings). That is, the 
approach pursued looks at the maximum savings caused 
by wind turbines in the utility system over some pre-
defined planning horizon. 
The value deter.mination is based upon the assumption that 
no storage devices are dedicated to wind turbines. Dedi-
cated storage is opposed to system storage which is not 
associated with any power plant and is operated much 
like other system generation. The assumption is made, as 
studies report that dedicated storage is not economical-
ly viable, regardless of the penetration. Though the de-
dicated storage increases the·wind turbine value, the 
increase is not enough to overcome the estimated costs 
of the storage. Results of a storage analysis are, for 
example, given in [4], [8]. 
5.2 PRODUCTION SAVINGS 
The production savings caused by wind are composed of the 
fuel savings, which result from displacing high cost fuels 
by wind, and of variable o & M savings, which are a result 
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of the reduced energy output of the conventional 
units. 
The wind turbine power output for.rned the input for the 
calculation of the production savings. As for Japan, 
the Netherlands, and Sweden 10 % were subtracted from 
the gross output, to account for forced outages of the 
wind turbines. The gross output of the two prime candi-
date sites in the United States was reduced by 8 %. 
Tab. 5.1 gives the projected hourly load shares of 600 
MOD-2 wind turbines at San Gorgonie in the SCE system 
up to the year 2000. The projections are subject to the 
assumption that in each hour of 1980, 1985, •.• the same 
wind conditions hold as in the corresponding hour of 1979. 
The hourly load projections result from multiplying each 
hourly load of 1979 by the annual growth rate of electri-
city consumption. The annual growth rates were taken from 
utility planning studies. 
A corresponding projection of the hourly load shares of 
1.830 Aeolus wind turbines for the Swedish system is 
given in Tab. 5.2 1.830 Aeolus wind turbines are the 
maximum nurober of turbines being assessed for Sweden. 
It can be concluded from Tab. 5.1 and Tab. 5.2 ~~at the 
hourly load shares of the maximum nurober of turbines in-
stalled are smaller ~~~~ 40 % (Sweden) and smaller than 
30 % (SCE system) in 1990 and beyond. A projection of 
the daily load shares of 900 GROWIAN wind turbines inte-
grated into the Dutch system confirms that the load 
shares remain under 40 %. The projection for the Nether-
lands is given in Tab. 5.3. 
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daily 
11975 
y e a r 
load 
share 1980 1985 1990 2000 
:> 1% 0.96 0.94 0.94 0.93 0.93 
::;. 5% 0.82 0.80 0. 78 0.75 o. 70 
.'> 10% 0.68 q .• 63 0. 60 0.58 0.52 
> 15% 0.57 0.51 0.84 0.44 0.36 
) 20% 0.48 0.42 0. 36 0.32 0.22 
) 30% 0.34 0.21 0.15 0.09 0.01 
.'> 40% 0.16 0.04 0.03 0.01 0.00 
' 
' ~ 50% 0.04 0.01 0.00 0.00 0.00 1 
Tab. 5.3: relativ~ frequencies of the daily load shares of 
900 GROWIAN wind turbines in the Netherlands. Annual 
growth rates of load: 4 % from 1975 - 1980; 2 % from 
1980 onwards. 
In this report the production savings of up to 1.000 
wind turbines are determined. Taking into account the 
modest load shares of the wind turbines in future years, 
sho~<Tn in Tab. 5 .1 through Tab. 5. 3, i t was assumed that 
the total adjusted wind turbine output is fed into the 
grid (no excess-assumption) . 
That is, it is deduced that there are no Situations neither 
during daytime nor during nighttime where wind energy may 
have to be dumped to avoid shutting down a large base load 
unit. To date it holds true that especially during night-
time, ~~e load is met by base load units only. The no ex-
cess-assumption in such a case assumes that either the 
base load units adapt their generation to a load decline 
or the collection of units to serve the load during these 
parti~~lar hours can be rearranged. 
15 % 
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The gross wind turbine output adjusted for forced outages 
was then again decreased because of the inter.mittent nature 
of wind. Because the wind is available intermittently, the 
utility has rninimum control over the level of wind genera-
tion at any time. To secure operation, the regulating ca-
pacity and the load following capability of a wind-assisted 
system has to be enlarged to project against any wind power 
shortfalls. The changes in unit cornmitment and dispatch 
have been outlined in Chapter 3. The costs which are in-
curred by these changes are imposed as Operating penalty on 
the wind turbines. The operating penalty consists in subtrac-
ting up to 15 % from the wind power output adjusted for 
forced outages. The operating penalty is sketched below. 
operating penalty (%) 
number 
a b c 
a: number of WECS such that the sum of the WECS name-
plate capacities amounts to 1 % of the expected 
minimum load in 1985 
b: number of WECS such that the penetration rate of 
WECS (sum of WECS nameplate capacities 1 total in-
stalled thermal capacity in 1985) amounts to about 
10 % 
c: maximum number of WECS 
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The penalty has been inferred from the literature on 
the impacts of wind turbines on system Operation, see 
e • g. [ 5 ] , [1 O] , [12] , [13] • 
The production savings per wind turbine if n wind 
turbines are installed, were calculated for the coun-
tries Japan, the Netherlands, and Sweden as follows: 
where 
x(n) 
fuel O&M S (n) = x (n) • p • a + x {n) • Pvar • T 
~--~ ,-----J' t ,-----' - V V 
fuel savings . var. O&M savings 
annual power output per wind turbine (gross 
output minus 10 % for for.ced outages minus 
the operating penalty) 
average costs of the displaced fuels in 1985 
variable O&M costs of conventional units in 1985 
present value factor of fuel savings {variable 
0 & M savings) 
t-1 1+Pfuel k 1+pfuel :J: 1+r a = l: ( 1 +r ) I 
k=O 
t-1 1+"'0&M 
1+ ... 0&M Pvar k .J. 1+r y = l: ( 1 +r ) Pvar T 
k=O 
t 
... fuel p 
... O&M 
Pvar 
r 
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wind turbine lifet~e 
annual escalation rate of fuel costs from 1985 
onwards (including inflation) 
annua1 escalation rate of variable O&M costs 
from 1985 onwards {including inflation) 
constant discount rate (including inflation) 
As for the United States, the evaluationwas modified 
to take into account the financial setup of the utility, 
and the tax status of ownership of the wind turbines. 
S' (n) = ~~R · [x(n) • pfuel • cr + x(n) · p~~ · y] • CRF 
where 
FCR fixed charge rate for wind turbines 
CRF capital recovery factor 
r (1+r', t CRF = ;;;....:....;.....;;~-
( 1 +r) t_, r + 0 
It is obvious from the production value equation that 
differences in the assumptions of the various economic 
parameters can grossly affect the calculated value. 
Sensitivity calculations were made with regard to the 
Operating lifet~e of the turbine (20 yrs; 30 yrs), the 
fuel cost escalation assumption (two escalation rates 
from 1985 onwards), and the annual wind turbine output. 
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The fuel cost data were provided by the Participants and 
represent end-of-year (EOY) 1980 values. These are equi-
valent to beginning-of-year (BOY) 1981 values. The (EOY) 
fuel cost data are tabulated in Tab. 5.4. 
fuel Japan the Netherlands SWeden USA 
. 
oil 0.071 0.058 0.052 0.064 
qas 0.062 o.o5a 
- -
coal 
-
0.028 0.025 0.013 
Tab. 5.4: EOY 1980 fuel cost in '/kwh. 
1 OS$ • 226.77 Yen • 2.5 hfl = 5.56 skr 
To make a 20-year (30-year} present value calculation 
for a wind turbine beginning operation in January 1985, 
the. (EOY) 1980 fuel cost data were escalated up to 1985. 
The escalation assumptions for the period 1980 - 1985 
are given in Tab. 5.5. 
Japan the Netherlands SWeden USA 
constant in- 5 % 7 ' 8 • 10 % flation rate i. 
annual fuel 3 ' 1 ' 0 ' 1.4 % coal 
cost escalation 1.8 % oil 
rate (excluding 
inflation) 
Tab.5.5: Inflation rate and fuel cost escalation rate (period: 1980 -
1985) 
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The (BOY} 1985 fuel cost est~ates are shown in 
Tab. 5. 6. 
fuel Japan the Netherlands SWeden 
eil 0.096 0.079 0.071 
gas 0.084 0.079 
-
coal 
-
0.038 0.034 
Tab.5.6: Estimated BOY 1985 fuel cost in $/kWh 
1 US $ = 226.77 Yen= 2.5 hfl = 5.56 skr 
USA 
0.1 
-
0.02 
The general economic input parameter assumptions over the 
period 1985- 2005 or 1985- 2015 are shown in Tab. 5.7. 
Japan the Netherlands Sweden USA 
constant dis-
count rate 
(incl. infla- 9 % 11 % 12 % 12 % 
tion) r 
constant in- . 
flation rate 5 % 7 % 8 % 8 % 
i 
annual fuel 
cost escala- lowest: 0% lowest: tion rate 1t lowest: m lO'I(leSt: 1% 
(excl. in- highest: 3% highest: 3% highest:4~ highest:2% 
flation 
Tab.5.7: General economic input parameter 85 
assumptions (period: 19 -2005 I 1985 - 2015} 
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The utility specific econornic parameters used in ~~e 
calculations of the production savings are cornpiled 
below. 
Japan the Sweden 0 S A Netherlands San Gorgorio Ludington 
ratio of dis- oil : gas oil/gas : coal b1l : coal Oil : coal Oil : coal 
placed fuels • 5 : 5 • 7 : 3 Ii- 8 : 2 • 9 : 1 • 4 : 6 
Pfuel ( 1985 $/kNh) ' 0.090 0.0667 0.0636 0.092 0.052 
POaM (1985 $/kWh) 0.0044 O.OC40 0.0036 0.0035 0.0035 
~OaM 
5 ' 7 ' 8 ' 8 ' 8 ' 
lowest/highest GROWIAN: GROWIAN: Gl!OWIAN: MOD-2: MOD-2: 
annual WECS power 9/11 9/12 9/i 1 ' 8.09 7.82 
c:utput (GWh per O. 8 MW: o.a MW: Aeolus: 
year) 1.5/2.5 2/3 5/7 
lowest/highest 
escalation rate St/St S'/10' 81/12' 9\/10\ 9\/10\ of fuel prices 
~fuel 
!ixed c:harge rate Ufetillle 20 years:0.18 
for wind turb.i.nes Ufetillle 30 years:O. 19 
In the following tables, the 'best' case is the one with 
the highest annual ~VECS power output and the highest es-
calatiori rate of fuel prices. Correspondingly, the 'warst' 
case is the one with the lowest annual WECS power output 
and the lowest escalation rate of fuel prices. 
For all the countries, the production savings decrease 
with increasing wind penetration. The decrease is due 
to the need for additional regulating capacity and a more 
flexible comrnitrnent including a shift to more energy-con-
surning conventional uni ts to cornpensate for the ".vind 
power variations. The two factors are comprised in the 
Operating penalty introduced above. 
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The calculations indicate that the fuel savings are 
by far the biggest element of the production savings. 
The variable 0 & M savings were always less than 6 %. 
The evaluations indicate that the value of the produc-
tion savings is most sensitive to the lifetime of the 
wind turbines. Given a lifetime, the value of the fuel 
savings is highly sensitive to the fuel costs and the 
estimated escalation rate of the fuel costs. 
For a complete derivation of the results, and an exten-
sive discussion of the results ,. the reader is referred 
to the reports for the Participants in the Task. 
J a p a n 
operatinq lifetime number of wind tur.bines 
20 yrs so 100 sco 1000 
percent penetrationa) 0.41 in 1985 0.82 4.1 8.2 
GROWIAN 'warst' 3657 3657 3535 3230 
'best' 5658 5658 5469 4997 
percent penetration 
in 1985 O.ll 0.22 1.1 2.2 
0.8 
'warst' 2285 2285 2285 2285 
MW 
'best' 4822 4822 4822 4822 
Tab.S.8: ~andwidth of productian savings oer wL~d turbine (in 1985 
OJ/kW) ; peak demand of TEPCO • 
a) 
penetratian is the rated capacity of the wind turbines, 
expressed as a percentaqe of peak demand 
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operating lifetime number of wind turbines 
30 yrs so 100 soo 1000 
percent penetration 0.41 0.82 4.1 8.2 in 198S 
GROWIAN 'worst' 4683 4683 4S27 4137 
'best' 8087 8087 7817 7144 
percent penetration 0.11 0.22 1.1 2.2 in 1985 
o.8 MW 'worst' 2927 2927 2927 2927 
'best' 6892 6892 6892 6892 
Tab. S. 9: Bandwidth of production savings per wind turbine (in 198S 
'/kW) 
T h e N e t h e r 1 a n d s 
operating lifetime number of wind turbines 
20 yrs so 100 soo 1000 
GROWIAN 'worst' 
29S9 2919 2601 2S22 
'best' 34S6 3410 3038 2946 
percent penetration 1.3 2.6 1.3 2.6 in 198S 
'worst' 2478 2472 2411 2322 0.8 MW 
'best' 2888 2888 2817 2713 
Tab.S.10: Bandwidth of production savings perwind turbine (in 1985 
~/kW); peak demand of the Netherlands in total 
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operating lifetime number of wind turbines 
30 yrs so 100 500 1000 
percent penetration 1.3 2.6 1.3 2.6 in 1985 
GROWIA..~ 'worst' 3924 3871 3450 3344 
'best' 4940 4873 4343 4210 
percent penetration 0.34 0.7 3.5 7.0 in 1985 
0.8 MW 'worst' 3279 3279 3197 3080 
'best' 4127 4127 4024 3877 
Tab.5.11:. Bandwidth of production savinqs perwind turbine (in 1985 
$/kW) 
S w e d e n 
operating lifetime numl:ler of wind turbines 
20 yrs so 100 500 1000 
percent penetration 
in 1985 0.49 0.98 4.9 9.8 
Aeolus 'worst' 2182 2153 1918 1860 
'best' 4160 4104 3657 3545 
percent penetration 
in 1985 o. 735 1.47 7.35 14.7 
GROWIAN 'worst' 2619 2583 2302 2232 
'best' 4358 4299 3831 3714 
Tab.S.12: ~andwidth of production savings perwind turbine (in 1985 ~/kW) ; peak. demand of Sweden in total 
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Operating lifetime number of wind turbines 
30 yrs so 100 500 1000 
percent penetration 0.49 0.98 4.9 9.8 in 1985 
Aeolus 'worst' 2804 2766 2465 2390 
'best' 6204 6121 5455 5288 
percent penetration 0.74 1.47 7.35 14.7 in 1985 
GROWIAN 'worst' 3365 3320 2958 2868 
'best' 6500 6413 5714 5540 
Tab. 5. 13 : Bandwidth of production savings per wind turbine 
(in 1985 ~/kW) 
0 S A 
operating lifetime number of wind turbines 
20 yrs so 100 500 1000 
San Gorgonio, CA 
percent penetrationa) 0.85 1.7 8.5 1.7 
in 1985 
'worst' 3006 2906 2646 2575 MOD-2 
'best' 3255 3211 2866 2789 
Ludington, MI 
. b} percent penetrat~on 0.88 1. 76 8.8 17.6 
in 1985 
'worst' 1649 1631 1490 1410 MOD-2 
'best' 1785 1766 1613 1527 
Tab.5.14: Production savings perwind turbine (in 1985 ~/kW); 
> b} I a peak demand of SCE system; peak demand of CPC DE 
system 
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operatinq lifetime number of wind turbines 
30 yrs so 100 500 1000 
San Gorqonio, CA 
percent penetration 0.65 1.7 6.5 1.7 in 1985 
MOD-2 'worst' 3911 3859 3445 3351 
'best' 4395 4337 3871 3766 
Ludinqton, MI 
percent penetration 0.88 1. 76 8.8 17.6 in 1985 
MOD-2 'worst' 2146 2123 1939 1837 
'best' 2411 2385 2179 2060 
Tab.S.lS: Production savinqs perwind turbine (in 1985 $/kW) 
5,3 CAPITAL SAVINGS 
The conventiona1 capaci ty (MW) , which can be displaced 
by wind turbines without deg=ading system reliability, 
is defined as capacity credit of the wind turbines. The 
deter.mination of the megawatt-sized capacity credit is 
discussed in Chapter 4. Converted in rnonetary savings 
by rnultiplying with the capital costs of ~~e displaced 
unit(s) and adding tagether with corresponding savings 
of fixed 0 & M cost, the capital savings result. 
Fixed 0 & M cost, which can be saved, cover staffing and 
manpower cost, cost of repairs, replacement of parts, 
rents, taxes and insurances, and all the other i tems ~vhich 
are independent of the operatio~ time of ~~e systa~. 
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The capital savings per wind turbine· if n wind turbines 
are installed, were calculated for the countries Japan, 
the Netherlands and Sweden as follows: 
C(n) = c(n) • 1 • (pcap + PO&M • e:] 
n fix 
where 
c {n) 
n 
t 
.... o&M 
Pfix 
r 
megawatt-sized capacity credit of n wind turbines 
number of wind turbines 
unit capital cost 
fixed o & M cost 
present value factor of fixed 0 & M savings 
t-1 1+pO&M 
I: ( fix)k 
k=O 1+r E: = 1+p~f~ + 1+r 
wind turbine lifetime 
annual escalation rate of fixed 0 & M costs 
fram 1985 onwards (including inflation) 
constant discount rate (including inflation) 
To reflect the Variations in types of financing and 
tax structures, the capital savings for the electric 
utility systems in the United States are calculated as 
C' (n) 1 cap 0&.\1 = c (n) • • [ p • FCRd. l + Pf · • e: 
n•FCR ~sp • ~x • CRF] 
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where 
FCRdispl. 
E'CR 
fixed charge rate for plant type displaced 
fixed charge rate for wind turbines 
CRF capital recovery factor 
Once a capital expenditure is made, the cost of the 
capital expenditure will not change. As a result, the 
capital investment expressed by the first term on the 
right hand side of the equations will not change. 
Thus, the capital investment expressed by the 
first term is not subject to inflation and escalation. 
These items are considered by the appropriate present 
value factor e of the fixed 0 & M cost instead. 
Typical cost estimates which were used in the reports 
are listed in Tab. 5.16. 
Japan the Netherlands Sweden USA 
cap . P l.n 1985 $/kW 792 800 900 650 
O&M . 1985 $/kw pfi.x J.n 66 48 54 3 
p~~M 
::J.X 5 % 7 % 8 % 8 % 
r 9 % 11 % 12 % 12 % 
wind turbine life-
ti:ne in years 20/30 20/30 20/30 20/30 
Tab.5.16: Economic input parameters to the calculation of the 
capital savings. 
1 US $ = 226,77 Yen= 2.5 hfl = 5.56 skr 
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The capital savings which are listed in Tab. 5.17 
through Tab. 5.24 have been calculated with the para-
meters of Tab. 5.16. 
It is seen that the capital savings decrease if the 
nurober of wind turbines increases. The reasons have 
already been mentioned in Chapter 4. 
J a p a n 
operatinq lifetime number of wind turbines 
20 yrs so 100 soo 1000 
GRCWIAN 361 355 310 253 
penetration a 0.41 0.82 4.1 8.2 in 1985 
0.8 MW 267 263 255 249 
--
penetration 0.11 0.22 1.1 2.2 in 1985 
Tab.S.17: capital savinqs perwind tur.bine (in 1985 $/kW); 
a) penetration is the rated capacity of the wind tur-
bines, e.xpressed as a percentaqe of peak demand of 
'I'EPCO 
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operating lifetime number of wind turbines 
30 yrs so 100 soo 1000 
GROW!AN 417 409 357 295 
penetration 0.41 0.82 4.1 8.2 
in 1985 
0.8 MW 308 303 294 286 
penetration 0.11 0.22 1.1 2.2 in 1985 
Tab.S.18: Capital savings perwind turbine (in 1985 ~/kW) 
t h e N e t h e r l a n d s 
operating lifetime number of wind turbines 
20 yrs so 100 soo 1000 
GROWI.'W 483 472 349 216 
penetration a 
in 1985 1.3 2.6 1.3 2.6 
0.8 MW 494 494 461 422 
penetration in 0.35 0.7 in 1985 3.5 7 .o 
Tab.S.19: Capital savings perwind turbine (in 198S $/kW) 
a) . . 
penetrat.i.on J.S the rated capaci ty of the wind tur-
bines, expressed as a percentage of peak demand of 
the Neth.erlands 
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operating lifetime numbers of wind turbines 
30 yrs so 100 soo 1000 
G.~CWIAN S47 535 394 244 
penetration 1.3 2.6 1.3 2.6 in 1985 
0.8 MW SS9 S59 S22 477 
penetration o. 35 0.7 3.5 7.0 in 1985 
Tab.5 .20: Capital savings per wind turbine {in 1985 ~/kW) 
S w e d e n 
operating lifetime numbers of •.iind turbines 
20 yrs so 100 500 1000 
Aeolus 676 659 571 477 
penetration a 
in 1985 0.49 0.98 4.9 
9.8 
GRCWIAN 666 646 523 395 
penetration 0.735 in 1985 
1.47 7.35 14.7 
Tab.5.21: Capital savings perwind turbine (in 1985 $/kW) 
a) penetration is the rated capaci ty of t."le wind tur-
bines, expressed as a percentage of peak demand of 
Sweden in total 
- 96 -
operating lifetime number of wind turbines 
30 yrs so 100 500 1000 
Aeolus 765 746 647 540 
penetration 0.49 0.98 4.9 9.8 
GROWIAN 754 731 592 448 
penetration 0.74 1.47 7.35 14.7 
Tab.S.22: Capital savinqs perwind turbine (in 1985 $/kW) 
USA 
operating lifetime number of wind turbines 
20 yrs so 100 500 1000 
San Gorgonie 131 124 73 22 
MOD-2 
penetration a 
in 1985 0.85 1.7 8.5 1.7 
Ludi.ngton 83 82 66 46 
MOD-2 
penetraticn b 
in 1985 0.88 1. 76 8.8 17.6 
Tab.S.23: Capital savings per wind turbine (in 1985 $/kW) 
a) . 
b) 
penetraticn is the rated capacity of the wind tur-
bines, expressed as a percentage of peak demand of 
the SCE sys tem 
CPC/DE sys tem 
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operating lifetime number of wind turbines 
30 yrs so 100 500 1000 
San Gorgonie 133 125 74 22 
MOD-2 
penetration 0.85 1.7 8.5 1.7 in 1985 
.. 
Ludington 84 83 67 47 
MOD-2 
penetration 0.88 1.76 8.8 17.6 in 1985 
Tab.5.24: capita.l savings perwind turbine (in 1985 ~/kW) 
5.4 BREAKEVEN VALUE PER \~IND TURBINE 
The breakeven value per wind turbine is estimated in 
ter.ms of the savings realized both in the electric 
utility all-day production and the expansion planning 
for conventional units. 
The breakeven value results fram adding tagether the 
production savings and the capital savings~ 
where 
V (n} 
V(n) = S(n) + C(n) 
breakeven value per wind turbine if n wind 
turbines are installed 
By definition, the breakeven value is the maximum 
amount that could be spent on a wind turbine by the 
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utility without any disadvantage in cost and relia-
bility. The breakeven value has to camprise all the 
expenses: incurred over the wind turbine lifetime, 
such as fabrication, installation, checkout, inter-
facing, operation, maintenance, land lease, insurance, 
and decommissioning. That is, both the manufaci:1.1rers 
and owners costs have to be covered. 
The breakeven value perwind turbine for the 1985 
scenario of the participating countries is given in 
Tab. 5.24 through Tab. 5.39. For convenience, the pro-
duction savings and the capital savings are presented 
in addition. Different wind turbine penetration levels 
are considered. The penetration is the rated capacity 
of the wind turbines, expressed as a percentage of the 
peak demand of each system .. 
The results indicate that the breakeven value is mainly 
deter.mined by the production savings. Capital savings 
made up only roughly 
Japan: 4 % 
- 9 % GROWIAN 
4 % 
- 10.5 % 0.8 MW wind turbine 
the Netherlands: ·5.s % - 14 % GROWIAN 
10.9 % - 16.7 % 0.8 MW wind turbine 
Sweden: 7.5 % 
- 20.3 % GROWIAN 
9.3 % 
- 23.7 % Aeolus 
OSA: o. 6 % 
- 4.8 % MOD-2 
of the total value. The bandw;dth ; 5 • • primarily deter-
mined by the number of turbines installed. The lower 
(upper) lL~it corresponds to 1000 (50) wind turbines. 
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J a p a n 
GROWIAN number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
penetration 0.41 0.82 4.1 8.2 in 1985 
production sav. 3657-5658 3657-5658 3535-5409 3230-4997 
capital savings 361 355 310 253 
value 4018-6019 4012-6013 3845-5779 3483-5250 
Tab.S.24: Estimated breakeven value of GROWIAN fcr the TEPCO 
system (in-1985 $ per kW} 
GROWIAN number of wind turbines 
Ufetime: 30 yrs so 100 500 1000 
penetration 0.41 0.82 4.1 8.2 in 1985 
production sav. 4683-8087 4683-8087 4527-7817 4137-7144 
capital savings 417 409 357 295 
value 5100-8504 5092-8496 4884-8174 4432-7439 
Tab. 5. 25: Estima ted breakeven value of GROWIAN for the TEPCO 
system (in 1985 $ per kW) 
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0.8 MW number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
penetration 0.11 0.22 1.1 2.2 in 1985 
production sav. 2285-4822 2285-4822 2285-4822 2285-4822 
capital savings 267 263 255 249 
value 2552-5089 2548-5085 2540-5077 2534-5071 
Tab.S.26: Estimated breakeven value of the 0.8 MW wind turbine 
for the TEPCO system (in 1985 ~ per kW) 
0.8 MW number of wind turbines 
lifetime: 30 yrs so 100 500 1000 
penetration 0.11 0.22 1.1 2.2 in 1985 
production sav. 2927-6892 2927-6892 2927-2892 2927-6892 
capital savings 308 303 294 286 
value 3235-7200 3230-7195 3221-7186 3213-7178 
Tab.S.27: Estimated breakeven value of the 0.8 MW wind turbine 
I for the TEPCO system (in 1985 ~ per kW) 
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t h e N e t h e r 1 a n d s 
GROWIAN number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
penetration 1.3 2.6 13 26 in 1985 
production sav. 2959-3456 2919-3410 2601-3038 2522-2946 
capital savings 483 472 349 216 
value 3442-3939 3391-3882 2950~3387 2738-3162 
Tab.S.28: Estimated breakeven value of GRaRIAN for ~~e Dutch system 
[n 1985 $ per kW) 
GRCWIAN number of wind turbines 
lifetime: 30 yrs so 100 500 1000 
penetration 
1.3 2.6 13 26 in 1985 
production sav. 3924-4940 3871-4873 3450-4343 3344-4210 
capital savings 547 535 394 244 
value 4471-5487 4406-5408 3844-4737 3588-4454 
Tab· 5 · 29: Estimated breakeven value of GROWIAN for t.l-te Dutch system 
~n 1985 $ per kW) 
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0.8 MW number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
penetration 0.35 o. 7 3.5 7 in 1985 
production sav. 2472-2888 2472-2888 2411-2817 2322-2713 
capi tal savinqs 494 494 461 422 
value 2966-3382 2966-3382 2872-3278 2744-3135 
Tab.S.30: Estimated breakeven value of the 0.8 MW wind turbine 
in the Dutch system (in 1985 S per kW) 
0.8 MW number of wind turbines 
lifetime: 30 yrs so 100 500 1000 
penetration 0.35 0.7 3.5 7 in 1985 
production sav. 3279-4127 3279-4127 3197-4024 3080-3877 
capi tal savinqs 559 559 522 477 
value 3838-4686 3838-4686 3719-4546 3557-4354 
Tab.S.31: Estimated breakeven value of the 0.8 MW wind turbine 
in the Dutch system (in 1985 $ per kW) 
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S w e d e n 
GROWIAN number of wind turbines 
lifetime: 20 yrs so 100 soo 1000 
:s>enetration o. 735 1.47 7.35 14.7 in 1985 
production sav. 2619-4358 2583-4299 2302-3831 2232-3714 
capi tal savings 666 646 523 395 
value 3285-5024 3229-4945 2825-4354 2627-4109 
Tab. 5. 32: Estima ted breakeven val ue of GRCWIAN in the Swedish 
' system (in 1985 ~ per kW) 
GRCWIAN number of wind turbines 
lifetime: 30 yrs so 100 soo 1000 
penetration 0.735 in 198S 1.47 7.35 14.7 
production sav. 336S-65CO 3320-6413 2958-5714 2868-5540 
capi tal savings 754 731 592 448 
value 4119-72S4 4051-7144 3550-6306 3316-5988 
Tab.5.33: Estimated breakeven value of GROWIAN in the swedish 
system (in 1985 $ per kW) 
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Aeolus number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
penetration 0.49 0.98 4.9 9.8 in 1985 
production sav. 2182-4160 2153-4104 1918-3657 1860-3545 
capita~ savings 676 659 571 477 
value 2858-4836 2812-4763 2489-4228 2337-4022 
Tab.5.34: Estimated breakeven value of Aeoulus in the Swedish 
system (in 1985 ~ per kW) 
Aeolus 
lifetime: 30 yrs so 100 500 1000 
penetration 0.49 0.98 4.9 9.8 in 1985 
production sav. 2804-6204 2766-6121 2465-5455 2390-5288 
capi tal savings 765 746 647 540 
value 3569-6969 3512-6867 3112-6102 293o-5828 
Tab. 5 • 35: Estima ted breakeven val ue of Aeol us in the Swedish 
system (in 1985 $ per kW) 
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U S A 
MOD-2 number of wind turbines 
lifetime: 20 yrs so 100 500 1000 
San Gorgonie 
penetration 0.85 1.7 8.5 17 in 1985 
production sav. 3006-3255 2906-3211 2646-2866 2575-2789 
capital savinqs 131 124 73 22 
value 3137-3386 3030-3335 2719-2939 2597-2811 
Tab.S.36: Estimated breakeven value of MOD-2 in the SCE system 
(in 1985 ~ per kW) 
MOD-2 number of wind tuxbines 
lifet:i!lle: 20 yrs so 100 500 1000 
Ludington 
penetration 
0.88 in 1985 1. 76 8.8 17.6 
production sav. 1649-1785 1631-1766 1490-1613 1410-1527 
capital savings 83 82 66 46 
value 1732-1868 1713-1848 1556-1679 1456-1573 
Tab.S.37: Estimated breakeven value of MOD-2 in the CPC/DE system 
(in 1985 ~ ?er kW) 
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MOD-2 number of wind turbines 
lifetime: 30 yrs so 100 500 1000 
San Gorgonie 
penetration 0.85 1.7 8.5 17 in 1985 
production sav. 3911-4395 3859-4337 3445-3871 3351-3766 
capital savinqs 133 125 74 22 
value 4044-4528 3984-4462 3519-3945 3373-3788 
Tab.S.38: Estimated breakeven value of MOD-2 in the SCE system 
(in 1985 $ per kW) 
MOD-2 number of wind turbines· 
lifetime: 30 yrs so 100 500 1000 
Ludinqton 
penetra tion 0.88 in 1985 1. 76 8.8 
17.6 
production sav. 2146-2411 2123-2385 1939-2179 1837-2060 
capital savings 84 83 67 47 
value 2230-2495 2206-2468 2006-2246 1884-2107 
Tab.5.39: Estimated breakeven value of MOD-2 in t..."le CPC/DE system 
(in 1985 $ per kW) 
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5. 5 BREAKEYEN VALUE AND Cosrr NGS FOR W 1ND TuRB I NEs 
The preceding section shows calculated values of wind 
turbines for a single site and a utility combination 
(USA) and for a dispersed siting and a utility combi-
nation (Japan, the Netherlands, Sweden). Foreach com-
bination the breakeven value of two wind turbine sy-
stems for a number of penetrations has been calculated. 
The next step prior to any investment would be to compare 
these brea~even values with projected wind turbine costs. 
Ta date, even a small nurober of wind turbines on a com-· 
mercial basis does not exist. The current lack of fully 
demonstrated wind turbine perfor.mance and 0 & M costs 
make a costing risky. Not only are the costs highly site-
dependent, but they are dependent on a solid market de-
velopment. 
However, cost data are quoted in the literature. 
Wnether these data are accurate has to be doubted. 
The data are only used here to give some tentative 
hints. Better data on costs of WECS will certainly 
become available as utilities and manufacturer gain 
installation and Operating experience. 
Cos ts of 1 9 80 $ 1 21 8 /k~1 for the MOD- 2 are ci ted in an 
American report [14], based upon a production level of 
120 units. The costs include site related cost (assess 
road, land, transmission) and annual o & ~1 cos t. 
A cost breakdown of the NIBE wind turbine concept is 
given in [11]. On a 1978 price level $ 2400/kW result 
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(value added tax included) . As for a production in quan-
tity and a rnodified design, reduction of about So % are 
supposed tobe likely, [2]. As well as for the MOD-2, 
the costs include site preparation, roads, etc. 
The net rnanufacturers cost for the first prototype of 
GROWIAN amount to about 9 Mill. dollar (1 OS $ = 2.5 DM) 
corresponding to $ 3000/kW [7]. Cast esti~ates concerning 
the owners cost are not given. The rnanufacturer cost break-
down of GROWIAN is shown in Fig. 5.1, [7]. 
- - -
Fig.S.l: Manufacturers cost breakdown of GROWIAN 
About 30 % of the costs relate to the rotor systern as 
well as for ~~e nacelle including drive train and elec-
trical equipment. Especially these cost iterns are an-
nouced to be reduced in a mass production. For a pro-
duction of 100 units, which allows for improved and 
rationalized manufacturing processes with special jigs 
- 109 -
and tools, a cost reduction of 45 % is assumed. That is 
the manufacturers cost would be about $ 1650/kW. The cost 
estimates of GROWIAN are given in 1981 dollars. 
Finally, turnkey delivery cost per Aeolus wind turbine 
are given in a Swedish paper [3]. The manufacturers cost 
are estimated to be 1981 $ 2053 (1607} if a number of 
10 (100) units is fabricated and implemented. The owners 
cost are estimated to be equal for 10 or 100 Aeolus tur-
bines amounting to 1981 $ 491. {1 $ = 5.6 skr}. 
Assuming values of 8% (MOD-2), 10% (NIBE), 6% (GROWIAN} 
and 8 % {Aeolus) for the annual escalation rate, the cost 
estimates are extrapolated up to 1985. 
The projected costs per wind turbine are compared with 
the calculated breakeven values in Tab. 5.40 through 
Tab. 5.43. Note, owners cost are not or only partially 
included in the unit cost projections. The calculated 
breakeven value has to comprise all ~~e costs incurred 
over the lifetime of the turbine. That is, manufacturers 
cost and owners cost are included. Cost items are, for 
example, fabrication, installation, checkout, intercaing, 
0 & M, fees, insurance, land lease. 
If the present value lifetime breakeven value per wind 
turbine is below the projected wind turbine cost, then 
on economic grounds the utility should further consider 
wind turbines in its generation plan. 
GROWIAN 
Japan Sweden the Netherlands (TEPCO) 
operating 
lifetime: ~ 3229-4945/kW $ 4012-6013/kW ~ 3391-3882/kW 
20 yrs 
operating $ 4051-7144/kW lifetime: ~ 5092-8496/kW ~ 4406-5408/kW 
30 yrs 
Tab.5.40: Breakeven values and cost estimates per GROWIAN 
A e o 1 u s 
Sweden 
operating 
lifetime: 
20 yrs 
• 2812-4763/kW 
operating 
~ 3512-6867/kW lifetime: 
30 yrs 
Tab. 5. 41: Breakeven values and cost estimates per Aeolus 
manufacturer cost estimate 
in 1985 ~ based on a pro-
duction figure of 100 units 
~ 2100/kW 
' 
manufacturer cost estimate 
in 1985 ~ based on a pro-
duction figure of 100 units 
~ 2850/kW 
..... 
..... 
0 
H 0 D- 2 
San Gorgonie Ludington/ manufacturer cost estimates 
SCE system CPC/DE system in 1985 + based on a pro-duction figure of 120 units 
operating 
lifetime: + 3030-3335/kW $ 1713-1848/kW 
20 yrs 
+ 1800/kW 
operating 
, lifetime: + 3984-4462/kW + 2206-2468/kW 
30 yrs 
------- ·-- - '----- ------------~---- -
Tab.5.42: Breakeven values and cost estimates per MOD-2 
0 • 8 M W w i n d turbine 
Japan cost estimates for the NIBE the Metherlands design in 1985 ~ based on (TEPCO) 
a mass production 
operating $ 2548-5085/kW + 2966-3382/kW lifetime: 
20 yrs $ 2300/kW 
operating 
lifetime: $ 3230-7195/kW 4 3838-4686/kW 
30 yrs 
-- ---- --- --- ------------
------
- - --.- - ----
Tab.5.43: Breakeven values and cost estimates per 0.8 MW wind turbine 
I 
I 
I 
I 
I 
...... 
_, 
...... 
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Based upon the· comparison, it may be indicated that 
wind turbines are likely to be viable in the near fu-
ture for utilities with good wind reg~es and a high 
cost electricity generation. 
This is indicated best by means of the two utility/ 
site combinations assessed for the United States. The 
SCE system heavily depends on oil fired capacity. A dis-
placement of oil and coal in the ratio of 9 : 1 by wind 
is therefore assumed for the value deter.mination. The 
CPC/DE 'system is projected to depend mainly on coal and 
oil. Hence, coal and oil is assumed to be displaced in 
the ratio of 6 : 4. As a consequence, the MOD-2 is like-
ly to become much easier competitive in the SCE system 
than in ~~e CPC/DE system. 
Even a number of 500 or 1000 wind turbines may still be 
competitive in the utility systems of the four partici-
pating countries, if one takes into account cost reduc-
tions through learning and production in quantity. How-
ever, wind turbine~ as capital intensive systemswill 
suffer more from high.rates of interest than do fuel-cost 
intensive systems. 
The indications, however, are based on the assumption 
that the ambitious cost goals can be achieved by the 
wind turbine manufacturers. To date, a skepticism about 
manufacturer cost projections and production tooling 
seems to be advisable. Furthermore, cost data on opera-
tion and maintenance are not available and thus remain 
pure guesswork so far. 
5.6 
[ 1] 
[2] 
[3] 
[4] 
( 5] 
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6 EcoNOMIC AND ENVIRONMENTAL IMPACTS AND lNSTITUTIONAL 
FACTCRS 
6.1 L\ND UsE 
Even the largest designed wind turbines, such as the 
US MOD-5B (7.2 MW) ortheGerman GROWIAN II (5.0 MW)' 
are still very small generation units by contemporary 
utility standards. The principal thermal and nuclear 
power plants have power ratings of about 1.000 MW. 
Thus, a large number of turbines needs to be installad 
in order to gain any significant influence on utility 
economics. The question arises where to locate all the 
wind turbines. 
Japan: Grave environmental impacts exist, which T11ill 
limit the number of wind turbines actually being in-
stalled. Space is rare and thus limited grounds with 
a fair accessability are available. A conflict with 
:egard to the land-use as claimed by the expansion of 
built-up areas, the industrial development and the 
traffic systems is predictable. 
The Netherlands: For reasons of good wind reg~es the 
coastline is to be preferred as candidate site. How-
ever, the Netherlands are as well a densely populated 
country. Furthermore, public and private efforts exist 
to preserve seenie vistas (Dutch shallows} , to estab-
lish nature parks, and to save buffer zones between in-
dustrial and/or residental areas. Thus, a Dutch study 
[22] estimated the total area suitable for siting large-
scale wind turbines. A necessary condition of being a 
suitable area is an annual .mean wind speed of 6.5 m/s 
in a height of 40 m. A total area of 10.435 km2 resul-
ted, corresponding to 30 % of the Dutch surface. Accor-
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ding to the report, a total number of 34.S7S 1.0 MW 
wind turbines with a roter diameter of so m and a 
hub height of SO m could be erected. In our report 
a max. number of 3.600 o.a MW wind turbines and of 
900 3.0 MW wind turbines, which are characterized 
in Chapter 2, are valuated. 
Sweden: As shown by. the evaluation of the Swedish wind 
date, the coastal region of southern Sweden reaching 
from Stockholm to Gateborg and the island Gotland are 
potential siting areas. The preference is also stated 
in [24], and confir.med by the swedish decision to in-
stall one of the prototype wind turbines on the island 
of Gotland and the other one next to Malmö. With re-
gard to land-use little impacts exist. 
USA: The number of turbines to be installed in the 
San Gorgonie area has been assessed by numerous studies, 
e.g. [4], [5]. San Gorgonie as well as Ludington are 
pr~ry eandidate sites with suffieient siting area. 
Possible impacts may arise by the ownership and the 
eost of land. 
6.1.1 ÜFF-SHORE SITING 
Public and private efforts to preserve the seenie 
eoast (the Netherlands; Sweden} and its island laby-
rinth (Sweden) exist. Growing interest in establish-
ing nature reserves and recreation areas is looming 
(the Netherlands). Residential areas, industry and 
traffic elaim land (Japan). Conflicts with other in-
terests and possibilities of land-use are predietable 
when determining sites of hundreds of wind turbines. 
Thus, it is entieing to build up the wind turbines 
off-shore. 
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However, there will be impacts with off-shore as 
well. To avoid visual pollution the clusters have 
to be erected far away from the coastline. Trans-
mission losses and/or high costs for submarine cable 
linking the units to land arise. There will be ob-
structions to international and national navigation 
and fishing. Servicing possibilities are cut back. 
The accessibility is not guaranteed and in any case 
expensive. Depending on the sea bed material and the 
water depth,·high construction costs may arise. Ice 
and wave forces will place exacting requirements on 
structural materiaL and design and/or shorten the 
ec:onomic lifetime. On the other side the wind con-
ditions might be much more pro~s~ng than on land. 
For an extended discussion see [10], [13]. 
6.2 INTERFACING AND TRANSMISSION 
From the point of grid stabilization it might be 
promising preferring a diversif.ied siting (smoothing 
effect}. Dispersed siting requires, however, construc-
tion ~~d maintenance crews to travel langer distances 
between points. The total length of access roads and 
lines would also be langer, increasing the land im-
pact. Thus, wind turbines clustered tagether in parks 
seems to be a promising option. 
It is suggested to transmit the power from the indivi-
dual units, which are grouped together, at the genera-
tor output valtage to a group transfor.mer which steps 
it up to a higher voltage, e.g. 130 kV. The power 
should then be transmitted by overhead power lines to 
a single utility grid interface point. Detailed cost 
estimates for such an interfacing are gi.ven, for 
example, in reference [5]. 
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In transmission planning, capacity requirements and 
overall system stability are dominant considerations. 
The transmission capacity requirements are determined 
by the relative geographical location of the genera-
tion, the load, and the total power transport require-
ments. In Sweden, for example, there exist distinct 
corridors of trunk-lines from south to north (trade-
off in generation and consumption). Two studies [9], 
[18] have considered transmission capacity needs and 
have shown those needs fall within normal requirements 
of transmission design. Since, the transmission system 
is vital to overall system stability and is critical 
when generators oscillate against one another, the 
above two studies have considered these needs and have 
found no unique transmission requirements to accommo-
date a wind turbine array. In addition, operating ex-
perience gained at sites will ~prove the understan-
ding, [19]. 
6.3 VtsUAL PoLLUTION, TELEVISION lNTERFERENCE AND WIND 
TURBINE NOISE 
Whereas the restrictions caused by the cost of land, the 
accessibility and the insufficient wind regimes can be 
quantified within a certain margin, only qualitative 
statements about th~ visual pollution of a large nurober 
of turbines can be given so far. However, for a cluster 
of a large number of wind turbines the aesthetics might 
gain importance. The influence of the visual effect on 
the public perception and hence the acceptance of wind 
turbines depends basically on the roter disk area, the 
height, the material, the colour and the velocity of 
moment. 
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In Fig. 6.1 and Fig. 6.2 different wind turbines are 
scaled up, (8], [11]. 
300 
74710scale 
g 
l! 200 r 
==> :z: Wind 
100 
Fig. 6. 1: Federal larqe wind turbine proqram: sc:a.linq up h.orizontal-
a.xJ.s mac:hines 
Fig.6r2: Size of wind turbines eompared t o German sights 
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Of coursei there exist buildings, such as towers and 
skycrapers1 of equal er greater height than wind tur-
binesl but these buildings usually are located in den-
sely built-up areas1 like downtowns. The potential wind 
turbine - si tes 1 however 1 are located away from concentra-
tions of population. 
The visual pollution of wind turbines having hub heights 
of 50 m and 100 m was recently investigated in a Swedish 
report [ 7 ] • · The fol~owing i tems turned out to be of im-
portance for the perception of wind turbines: 
- The rotation of the blades may become intrusive. 
- The visual pollution of a small number of wind turbines 
having hub heights of 100 m is likely to be less than 
the visual pollution of a large number of wind turbines 
having hub heights of 50 m. 
- In a flat, open landscape the theoretical length of 
visibili ty is about 40 km for a 1 00 m uni t. In ~ac­
tice the length is lL~ited by the visibility conditions 
due to the weather and due to the screens in the land-
scape, i.e. topography, vegetation and buildings. 
Studies have shown that the rotating blades of a large 
wind turbine can interfere with TV reception. In the 
worst case the interference can still produce objec-
tionable video distortion at distances up to a few 
kilometers, [20]. Noise, according to the understanding 
of the community in the neighborhood, is reported at 
Boone, N.C., where the MOD-1, a 2.0 MW downwind machine 
is located. One of the reasons is identified as the 
interactions between low fr~quency blade and tower. To 
which extent noise may be of annoyance with other tur-
bines cannot be answered so far. For a detailed discus-
sion of both the interference and the noise ~~e reader 
is referred to [231. 
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6.4 INSTITUTtONAL FACTCRS 
Closely related to the siting of wind turbines and the 
power transmissionproblern are a nurober of legal issues. 
The following issues shall be stressed: 
Building codes and safety codes are necessary in order 
to guidline the construction and erection of the tur-
bines. These codes certainly would facilitate the lo-
cal approval and would promote a production in series. 
Cluster of wind turbines have to be reconciled with 
the physical planning in affected areas. Especially 
the zoning between urban and suburban areas has to 
be taken into account. 
The issue of acquiring "wind ~ights", or guaranteed 
access to the wind resource will be vital to the de-
velopment of wind energy, [16]. Cons:Lderation must be 
given to the question of how land-use policies and re-
. gulations will affect the siting of wind turbines. 
Otherwise possible changes in the land-use give rise to 
long-ter.m litigation. At short-ter.m the incentives of 
investment are impaired, when wind rights are formula-
ted. 
Whenever cluster of wind turbines are owned by non-utili-
ties, codes will be required to guarantee that appropri-
ate prices for the electricity are paid by the utilities. 
This, of course, poses the question about the buy-sell 
rate structure and the demand charge. The guarantee of 
a sale at a price equal to a utility's avoided cost 
(a best case) , will allow the investors to calculate the 
cash flow of their expenses with a greater certainty. The 
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Public Utility Regulatory Palieies Act (PURPA) of the 
USA, enacted in 1978, determines for a new class of 
utilities (small power producers) that the established 
utilities must buy power from the producers at the 
utilities' avoided cost, i.e., the dollar amount the 
utility saves due to the use of power of small pro-
ducers. Avoided cost payback rates according to PURPA 
are already enacted by many states of the United States. 
However, still uncertainties due to potential changes 
of US government policy and court action do remain. 
The current regulatory and financial market conditions 
of the United States are discussed in great detail in 
[3], [14], [15]. The issue of buy-sell rates is not 
yet discussed in the other countries. 
All the lega~ issues encountered surely pese a barrier 
to wind turb~e siting. However, they should not pese a 
significant problem, as lang as early steps are carried 
out in order to smooth the legal and institutional un-
certainties, which are tied to the innovation of this 
new energy te~~nology. 
6.5 MoTIVATING MARKET DEMAND 
Experience shows, and good bus.~ess management dictates, 
that major financial investments in equipment and facili-
ties will only be made where the ratio of "knows" to 
"unknows" is greatest. In the view of utilities the de-
gree of unknows is a major barrier to implementation of 
wind turbines. A successful demonstration program that 
gives the utilities the knowledge and infor.mation they 
require to make sound business decisions would be a 
valuable s.tep. The federal DOE and the Swedish wind 
energy program have demonstration progra.ms as an inte-
gral part of their plan. 
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However, the step from the governmental funded stage 
to ultimate commercialization is not yet done. The 
reason for that fact can be denoted as commercializa-
tion dilemma, according to [14]. This refers to the 
situation where, in the near ter.m, the wind turbine 
costs are too high, operating characteristics too un-
certain and conventional energy costs too low to make 
the wind option cost effective. The wind turbine costs, 
of course, could be reduced by mass production. However, 
sceptical investors are not willing to give orders 
allowing mass production, [15]. 
The situation and the effects shall be discussed for 
the United States, as the most extensive efforts to 
Lmplement wind power are taken in this country. In the 
last few years a wide variety of federal and state legis-
lation has been passed to encourage renewable energy 
technologies in general and wind power in particular. 
The key laws are 
The Public Utility Regulatory Policy Act of 1978 
- The Crude Oil Windfall Profits Tax Act of 1980 
- The Economic Recovery Tax Act of 1981 
- The Wind Energy Systems Act of 1980. 
For an extensive discussion of these laws see [14]. 
With the current mix of incentives, such as tax credits, 
grants, low interest loans, supporting wind power, one 
might think that the commercialization dilemma would be 
resolved. However, the incentives that exist do not 
contain many benefits for potential investor-owned 
utility or industrial owners of wind turbines. The 
process associated with utility regulation constitutes 
a barrier to wind power in two aspects, [14]: 
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- Utility fuel costs are generally reimbursed almest 
automatically through fuel adjustment clauses while 
capital costs are recovered in a politically contes-
ted and high risk rate of return proceeding. 
- Total utility returns are fixed and not a function of 
risk. If a utility invests in wind turbines and they 
prove successful, benefits flow through to the con-
sumers. If problems develop, local PUC's are likely 
to extract some measure of penalty from utility 
stockholders. Thus the utility contemplating a wind 
turbine investment sees only "downside" risk and no 
"upside" benefit for its stockholders. 
Most observers agree the key to wind power's ~pact on 
the nation's energy Situation lies in large wind turbines 
and that utility customers for such machines will consti-
tute the largest share of the market. Thus, a key 
question for wind turbine commercialization is whether 
there will be ~no~gh a~tivity and experience in the near 
term with large wind turbines. If the market does not 
develop rapidly or {and worse) if early demonstrations 
provide technically unsuccessful, the rate of ultimate 
wind power utilization will slow considerably as utili-
ties proceed cautiously with single turbine experi-
ments, lasting several years, followed by small wind 
parks and only then (10 to 15 years from now) followed 
by substantial wind power use. Based on current assess-
ments of the commercialization potential of all the 
utilities who provided data for the case studies, only 
the southern California Edison Co. established a goal 
of 560 MW nameplate of installed wind turbine capacity 
in the midterm (by 1990), [21]. 
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so far, however, manufacturers are uncertain and highly 
sceptical about the markete Facing significant invest-
ments in product development and production tooling, 
these companies are concerned that the market for large-
scale wind turbines will be insufficient should the 
various federal, state, and local incentives be repealed 
or allowed to expire. These worries are exacerbated by 
uncertainties in future interest rates, fuel costs, and 
the ability to reduce wind turbine costs through mass 
production. 
Even if the federal support were maintained, its success 
will depend upon the manner and extent to which the 
various parties (manufacturers, entrepreneurs, inve-
stors, financiers, utilities, PUC's and government) are 
willing to take risks and share returns in the next years. 
6.6 PosiTIVE EcoNOMIC IMPACTS 
Of course, economic, oparational and environmental ~­
pacts of large numbers of large wind turbines may pose 
barriers ,to commercialize large wind turbines. 
However, due to the knowledge that the conventional 
energy sources are d~inishing and their tolerance 
both for t.'le environment and for the economy can no 
longer be accepted unchecked, there is the necessity 
to judge wind power not only on a business {utility) 
level. To schedule the future energy posture a socio-
economic point of view has to be taken. To this respect 
the availability of the fossil resources, the public 
opinion concerning the acceptability of nuclear energy, 
the reduction of pollution, the evolution of industry 
and employment - to name only a few of the factors in-
volved - should be taken into account. 
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Of course, an evaluation on a socioeconomic level has 
to proceed according to the principle of keeping costs 
of electricity to a minimum and maintaining at the same 
time a generation with an indexed reliability. However, 
the notion of costs needs to be more broadly defined. 
Three key factors, namely the pollution, the dependence 
and the scarcity have to be taken into account. The 
social costs related to these factors are presently 
not reflected in market prices of electric enerqy and 
do not appear in the cost budget of an economic analy-
sis on a utility level. 
6.6.1 DEPENDENCE 
The dependence of electricity generation on finite and 
diminishing resources is pronounced in all of the four 
countries. The situation of Japan is used to illustrate 
this issue: 
Tab. 6.1 shows for Japan the dependence of electricity 
generationon finite resources in 1979 [2]. 
fuel percentage 
nuclear 11.9 
coal 6.2 
gas 10.8 
hydro/geother.mal 14.5 
oil 56.6 
Tab.6.1: Electric power supply in Japan in 1979 
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Of course, Japan like the other countries is struggl-
ing to cut down its dependence on eil. The main reasens 
are the shrinking world reserves, the looming uncertain-
ty in availability and above all the expenses for this 
resource. 
However, Japan is not only dependent on eil ~perts. 
The dependence also holds for imported coal, uranium 
and gas. The drastic dependence en imports is summa-
rized in Tab. 6.2, which gives both the pattern ef 
energy supply in 1978 and the dependence on ~ports 
( 1 1 : 
oil 71.9 dependence on 
solid fuels 14.4 i.mported energy 86.0 
qas 4.5 dependence on imported oil 99.8 
nuclear 4.1 
hydro/qeothermal 5.1 
Tab.6.2: Japanese energy supply in 1978 and rate of dependence 
Projections for the future electricity supply declare 
that the dependence on eil can be reduced, but to the 
debit of a dependence on imperted coal and uranium~ 
A projection ef the electric power supply in 1995 is 
given in Tab. 6.3, [1]. 
fuel percentage 
nuclear 39.4 
coal 14.9 
gas 19.5 
hydro/geo~~ermal 15.7 
oil 10.5 
Tab.6.3: Projection of electric power supply in Japan in 1995 
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Thus, already confronted by a deficitary balance 
of payments caused essentially by the costs of 
oil, the projected coal and uranium Lmports are 
not likely to bring relief. It may be concluded 
that within the present energy policy of Japan 
the dependence on imports of finite resources will 
remain. However, an independence of the national 
enerqy supply is a prime reason for looking for 
_alternative_sourc:~~-whil~_plan!ling the future 
energy policy. It is thus entirely imaginable that 
from a socioeconomic point of view the electricity 
generation based upon domestic resources will be 
valued higher than a production which is highly da-
pendent on imports. On a business level this econo-
mic goal of energy independence would become visible 
when the government grants a subsidy on those elec-
tricity generatinq units whose fuels are independent 
on foreign controlled factors. Wind turbines use a 
free and domestic resource. Thus, this merit should 
be credited to this technology. Correspondingly, a 
generation of electricity based on imported oil, 
gas, uranium or coal could be penalized by additional 
taxation. 
6.6.2 POLLUTION 
This concern is illustrated by the example of Cali-
fornia. Air pollution, for example, costs the resi-
dents of California millions of dollars each year 
through its effects on human health, agricultural 
crop damage, and the deterioration of natural resour-
ces. A host of air quality standards (Prevention of 
Significant Deterioration (PSD), Air Conservation 
Program (ACP)) are for.mulated, the siting of power 
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plants must comply with. Since any new fossil fired 
power plant would generate emissions, ~~e problern 
is how to accomplish a project whether wi thou t vio-
lating PSD and ACP regulations, or in such a way as 
to cause an improvement in the ambient air quality. 
Wind power may be an important factor in substantial-
ly reducing the emissions of electricity generation. 
To which extent the principal emissions (NOx' sox' 
TSP, HC) may be reduced is extensively discussed in 
[ 4] • 
The partial substitution of oi.l by coal, as announced 
by some of the Participants in the Task, will not lower 
the deterioration of the environmental quality. High 
social costs are incurred to remedy the damages. Local 
discontent exists and is channeled to the thermal power 
plants being claimed to pollute the environment. 
In the case of a social evaluation, costs of pollution 
have to be seen as costs of the electricity production. 
Obviously, ~ot only the costs resulting fran the re-
versal of the darnage to the environment but also the 
costs being incurred by the prevention of the darnage 
have to be considered. To influence the utility invest-
ment decision a conversion of these social costs into 
private expenses by taxation seems to be possible. 
Correspondingly, non-polluting resources such as wind 
energy can be credited by tax credits, subsidies or 
risk underwriting. 
6.6.3 SCARCITY 
Only Sweden projects an electric power supply, which 
substitutes scarce fossil fuels to a greater extent 
- 130 -
by solar energies, whereas the other countries will 
still depend on diminishing resources. Tab. 6.4 gives 
a Swedish projection for 1990, [17]. 
fuel percentage 
hydro 45.5 
nuclear 40.0 
oil 13.0 
renewables 1.5 
Tab.6.4: Projection of electric power supply in sweden in 1990 
Projected for 1995 the national electricity supply 
of Japan shall depend on the fossil fuels coal, gas 
and oil. by 44,9 %. 
The two American utilities, which have been assessed 
for the integration study, are also faced by a scarcity 
of fuels. The Southern California Edison system is 
heavily dependent on oil fired capacity, with 75 % of 
the capacity being oil in 1980. Future addition of 
coal and nuclear capacity are projected to decrease 
oil capacity to about 56 % in 1995. The Consumers 
Power Company•s capacity mix is composed of coal 
(50%), oil (31 %) , nuclear (11 %), and hydro (8 %} 
in 1982. According to [12], the ratio is expected to 
remain almos·t constant over the next 15 years. 
The scarcity of the fuels used so far, will be even 
1ntens1f1ed due to the 1ncreased demand primarily of 
the Third World Countries. An estimate of the 11fe-
spans of the shr1nking exploitable reserves of the 
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major energy resources reveals ~~e loaming shortage. 
considering different grow~~ rates in the world-wide 
consumption, Tab. 6.5 is given [6]: 
a life-span in years b resource life-span in years 
crude oil 28.4c 95.8d 19.3c 40.2d 
natural gas S0.6c 181. 7d 28.2c 53.8d 
solid fuels 217.o c 3.516.6 d sa.oc 126.3d 
Tab.6.5: life span of major energy resources. 
a)basis: world-wide consumption of 1979, annual 
grow~~ rate = 0 %. 
b)basis: world-wide consumption of 1979, annual 
growth rate = 4 %. 
c)based on proven exploitable reserves. 
d) based on estimates of the exploitable potential. 
An impending scarcity of the conventiona~ fuels and 
the necessary adaption process is currently not an-
ticipated by the market and the fuel prices. How-
ever, a scarcity of gas, oil, coa~ and uranium 
will give rise to costs within the entire economy. 
Wind power is created by a resource which is abundant. 
This advantaqe has to be credited to wind turbines. 
It would be possible, by means of corresponding 
taxation, to take into account the looming ten-
da~cy to scarcity already in the present·cost cal-
culations of the electric utilities. 
6.6.4 NUCLEAR ENERGY 
As current energy sources are being rapidly cons~~ed 
and demand for them continues to grow, they are be-
coming increasingly scarce, and there is the tenäency 
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to turn toward nuclear energy. Despite the fact that 
there are unexpected breakdowns in operation and sub-
stantial increases in construction costs looming mainly 
due to safety requirements, this energy source is still 
proclaimed to provide low cost electricity to customers, 
both reliably and efficiently at best. However, this 
energy source involves as yet numerous unsolved pro-
blems and both private and social costs that are ~­
measurable so far. Even if there were sufficient re-
serves of uranium and of other nondispensible elements 
such as chromium and molybdenum, even if there were 
reliable solutions with regard to safety requirements, 
reprocessing, and ultimate waste disposal, the costs· 
that then have to be expected will be enor.mous and 
must be borne unalterably by future generations. As 
for minimizing social costs, attention must, in this 
case, be paid to evaluating competitive generation 
processes under the same starting conditions. When, 
for example, the construction of nuclear power plants 
is supported by governmental guarantees in order to 
underwri te the _;:-.is~ .. ~at is at most partly borne by 
the utility industry, and/or substantial advance 
governmental payments are borne on the R&D field of 
nuclear energy, wind turbines have to be credited by 
a corresponding amount if compared with the former 
on a socioeconomic level. 
6.6.5 SocroECONOMIC OPTION 
Economic and social policy should be aimed at a cost-
effective energy supply, which as much as possible is 
resistant against foreign-controlled factors. A far-
reaching dependence on energy imports can strongly 
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affect the GNP, as demonstrated by the eil crises of 
1973 and 1979. The national energy policy should also 
ensure that the social and ecological costs are mini-
mized. To achieve this cost goal all energy resources 
should be considered, both by looking at ways of making 
better use of the d~inishing nonrenewable resources 
and by conducting comprehensive research and develop-
ment werk in the field of the renewable resources. 
Wind turbines 1 no · matter how big or how many 1 cause 
no radioactive wastel no air pollutionl no depletion 
of scarce resources. Instead1 wind energy is a safe, 
domestic1 non-polluting and abundant energy source. 
Of course, the siting of wind turbines will be affec-
ted by ~pacts, such as land use, wind rightsl safety 
codes. However, none of the problems is insur.mountable, 
as lang as early steps are carried outr The utiliza-
tion of wind energy could lead to a reduction in the 
demand for diminishing and finite fuel and energy 
supplies. Howeverl grid-connected large-scale wind 
turbines owned or controlled of electric utilities 
have to be operated in order to gain knowledg~ and 
experience. High hopes of 'windo-holics' and enthusi-
asm spread by paper studies are no substitute for per-
for.mance. What is needed ~ow are extensive proofs of a 
safe operation and of a satisfactory quantity and qua-
lity of electricity produced. Additionally 1 such a de-
monstration is a necessary means to refuse local or 
utility distrust of this new technology. 
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